— 





Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1984 


The effect of alloy additions on superplasticity 
in thermomechanically processed high 
magnesium aluminum-magnesium alloys. 


Self, Richard J. 


http://ndl.handle.net/10945/19283 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist Ser Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


mi) KN Ox appointed — and published — scholarly author. 

ies) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


















































































































































f boy Riga SRR wT a ak te Sate tare: AIA orc Ll iar Saclay le AN al WAAR WS Gh ” eo tee ie wy 
. : Ls Mer A ee Ns & ee rr te we CoA AC eae. eat Feegeeth , Page. ater DEAT forts Ae x eK Oh Si am eee EY Sree 
ey 1s re A a rar a v4 a4 A a he 
oe Me , gis AR oe hes SOOO On ORIOL TOU OY TONLE ie a fy oo dy taht we Hr WAS, VA 
i ar ’ Be Sadho rf he ms tae git teed dd wO.d a be a in Ce eee NRA RO ae TAAL: 
iN wite Pore BONG ser io tea ee RONG ae hy sa acy as beats emt tateate epee eee et nig) A Mar tas na 
ere Ch Th A CPO Ne Ch or ich. COR A Be Ne NY ETN NS Ae CT ns Ae Are iayertry 
a hoe , A Ra hnire tae Fo 1a um he ye ae SAC OCD: ee ee a Pikore iad es cts rrr) Wace epee ld Obb Cee : ay Sw ke an 
t ar “om Os ok t Sag are as Be} pind righ el an s as dbs. at sft ug aera Lotion Bed cy eb CUO AAA ad Oe PRLSSRY Meee 7e* Ar ott pte Aah A, a Le! yd afer § sabe 
' ms " ‘ a J LS ay t ea ry if 
‘ - aA " M! 4 ; a ue An 7 ee ee ee \ a ek an oY Ae es cry. AT es OO BLE WS aS ye AK ne rg 4 pert hee er 
“ ‘ A » Ra ; COON IR a cory NO CuK Sra Oey SEN eT LEAL SAA 
" rare Da PPI We Pos CATT, Pe et ter le "sig tta ce ae et Ce ROO NC RS A oe ey sr 
, , a Rey oe ‘LE: i ry rer ie Page Mite Oh Te COLOR ROKR at. gesa apes ESCA IOUICR KCCI & La mn: laggy tn be ae ie te loci 
- Ae merce oa yy WR Ce Ce a oe hs wa) AR gt Ue eae WA HS Pa ree See ree CAN Eh ae wuULa ry Leo hyd hertlbemihe Ma eters 
5 ae ae ms ie A ARIAS ire Aol Oe SUL SUR tt any ate Maga aM lara Mme Slam a rei kick ve ee A veMCa xy ar ou ery ee ere: 
oun ae RL ape Uh De eho a Ante eae HO CE COO er ah teak are A A LS Sa A aL Od Or y oe apd laptap ela e 
> as : Re ee US Ce a OLS Vb Ma eae aye ee UN EI CAML KOM WhO: Pare kk ry oA RRA a OLE | TL 
' Pa RY rh oe en Lee wren ame PRK ROO Ce on NOE LG Neh ist On SL Re CSAC teh a ae Ae Retr iay 
ayes oe pea D lay ays a ay Pater yh ay evn ma “ty ey os Ca Lethe AY Magi) * Velicio 4 Noe * A ey Yee ait iy Ay wee Poser ioe 
i OO iy ¢ j , - : of ; > An beL AL t nbs Oe Px Ae ek a 
wos pi saat Lh Aa ea AR Aj ‘ M 5 ag are caries a m piea' a whe tA Aa rm, sgh ow ay rt WY ven as ‘ i" Chea OL Aiea NOON AALS a “ae Se Phe GMa asi le 
mR N ) a : bd 4 - $ * sf ae Pe a & be. A ig ae ed ee 4 aa 
a a Sa AR ar te aT al ith ga aX, TA Raton PUA Ahan RA oT Ra TE a ate Urea se Un AN ATE oH rele rik bid | Slate elena i 
we PORDAS AO Sa Re BA A rai tan Ch TOO OO En rik WV ALOE TS SY OCL EES SEES a 
; be a ae a ie tt | on ee he a " Pe Ree ee te Pe \ ser 4 : ; Bh Py Pin Se Sl, i ht SLAEORE Lede en ee Une Cok on oR 
, y a4 ie . 2 * + & oR EWAL AL eB > So re Ce i. 2 i ok 2 | Co a Se ie fare) Pert cts og 
3 Oe x es ’ reas a A La ae Ae Ta A SOG ." oC ie whe Aan hh DL A Do aR Lt A TANG ae he PIANC ree Ir ay Ce aS. 7 Py Ses aks rar We ab rete bres ager tri] 
ae) f eee ee ‘Eas ed ee ns DAU sda eevee. a4 A ae “ ree iy A ler x Ca hb bie hues U Ray SENOS See by RRR as TAT eee rf A Parle epee artsy tar taphitoyan rot tert 
5 eS ¢& 4 eS an ce Ae ee ak Ce woe ee a We | br ie aS Roe onal US yap tO HO \* arta dh a eas SiO Sih ht hho on te he 
\ eo ee ee Cee ahh Gt Ayaan > ke he's eo aa A ee a bay clin Al Si SEU Lut te oS) & LLU Cia eT hei ee Te td 
; oe ae on : Ps A A MALI ae ae ee} Pat age ey rarer RF ig oe A ie PLY a 4 i Fi ; adh aD ak A bk bia ah Va ». a Were eens ica AN ta a Ate GOR Cee ee og ren WN br afte oy do py Soha ee 
6 , et ar ey ’ A, tear * 5 " ve f f te Q a 
A s s aA ' 4 ‘ Hope SA Ay 1 : Mats AE +P ay = ae) tS | ets et ‘ AT on oe ee ee vi" \ Pi Oe ee oe oe Ae eZ bi thal te a hh et rune ene soy BUS S56 4 ha gk Wey ere 
es SC Sh a Wir UC 8 Ae Bari er are nar he Ve BOCA IL ane NS RITZ tent ris WW Cre TC WT Tr Se Us ee aa tl Rh A ice i Cited aria bois Tol a ea it 
a Bt: Rady 2) ae +9 Te Le Tae ns mpwiieh te Kt SNA ’ ay ee ey ae SORE RNAS ve at ETC Nu Li %. ‘a —— aA Rink Ca Tha Mela eth iio the th deeth The dat a dapseeurpe dpe drdeaeir 
"I ry LY SENS WMT a a) or ye or ae et ry Ae if es a Hae che oS a 4 “vg + gly A lp . 3 a b 7 mn ry a a | ry 4 ee ‘hea Tih tt Ce ee ee ee 
r 7 Ar ile? Leeda Bie Bad NES Ye a% pa COR AR ORE SATS we oR conta 
. a “qt Cierra ee: Wane wth +e ve naa aaAt ety e VEN p mi Ls rare a brat ara Wve hy He ‘s : > e. Lo ACrrire an BOE TL Tht + es Me 
Oar ar oer anaege eat Page ATT Nae ye eet Cee eR Ava E REDO bs 8 Ue be ’ 3 rer ho Nar ai Wits SS & Saas RM ISy dv ON eke ea Pe fo eo hy 
. Ca LED ee i) , rer POA Soe re te CMa Mk le he ra y Vas! wh whee rat) SP a Pe by ey ac Sie an ppb ap ie. ka ed er Cai aoe lt eh te 
ob Ee he eI SEO Wee ee a eee ee a Sarr a ba ae rte iS a ADEN 2 Pre ea. eh ee yh ode ete AY Lea} i yb eee ON Pea slip h eneta nrdors 
i rn Th a", ; i peal | SOOO NOOO OUR SK QOEw es ea Seb be dean \ a 
. Aa a ee) a r a ys x" a A nn a " ‘g ae OCS ASS roy mut be ay 5 At Sah acer try Ae EECSAN, Ay 6 PUERTO EN ooh hd. RAs ware be a ih ry ae J Se Wat es eC tie fred eC SEL eae 
- Ses Lfiyseber gt * As es ae ee ee SO Pay Dee ae ret meri are harry hy! » Ute, r 0 : us es “A Spe 4 ad Pu pat CYA. te “yl RCo es 
;° i dee eS Me Laon r. pregy oe ie ae aS CO ON Oe hep re Aci MATE OR OER IC cA pig i a! y MORN as Stele RRR OS aad ope Ne — <s 
“i A ae haar ne OS CUNEO Bone cog Lh WPA ae or eet DEE CCC e ay aye Me. PEA Krak SO Tae Chk ch Recerca CA aes 
: . a rai , : P 4 y B 4 “ A KS CTL Lee * B ea 
we be t A ¥ Ay As er ae ae ; ae st i ‘ Pari te ar pA a4 Soren DOA Aa Patria rh sae stats Saat Soa Py ayy renee ry CALS yeahs SN TAN “ae a a tie ded ae 
n) Le ie ae , mi , wes ae : ; ao Sah heen 
lie. y Car, WA a Gy Wee art Aes os ei a ane Lah ee at Ag ee A dis | eb ¢. ves: Se ee am stad ue ae & etn rea! ii a) is rh ne’ NSonerseuns SOS ee Neg te otc uscr ca amt 
A i Me , s , ; AS Cae , 2 ey Ry ay AU WOU Ayal e LW ye we ’ “ a yb wee | stent te 
. Wy , we ure}. RO ORC kh A a Sk LA eK ee 0 Re A | aaa i rd 8 Ney Aytor be he wrt 
a Oe Sh ee Da Sake Se oS OM i ary Bae ae oe et iy yh lh et * is hb mete A wie At A TN ALAA OR aN ee SOTO Lat Lia Werpade tine tartan dee 
rl me j Be oor L a LE ee 80 BR a Rg A) aT ah Sa a bs 
ary te a Se dhe ets OL is : CS Soe ee oh ¢ RAO ad sie! - NON ay ke ef apie A CRORES Sees vt 1% eek ti ey Pict 4ar atk aan % 
f s alae i P b i ay ae 1% ar , wo rs a oe anesthetist die 
" ah ash Sigh ne te apc ops Aah SOURCE SON ‘ a gh fn a es i AR WA SAA ceo PORES us ened > SEO te a aan reba ee aye COS, Ay eager tate! 
F ; TOM Aa igh aa a A Sh ks 0 tis Chic tare PA A PR RN IRN a IC ae ag WOE rete at i ahs 6h Aho kere is ae RENN POC e ea SSCs as rok es oa G that are 
eo ee Oa PRE NIP AL Re Wy iinet Sa hae COOKIN, CACAO NE CAC RR NCCC TIC OAC ET PL Ba ea de eee Or ei OTe bape enter ein be ae 
net SRN ai ry WS en PT Sea aha Ay Sl a Aa Ree bana A AAI Us bt AR A dd eit Sa Tele oot We ety Set AS ty Ook Sh tndr tae ndedy hh ett = Ts why <a 
i°2 eo J YS by ee ioe ke Lapeer bes y Pa aC ee ee ee Oe ‘ge A zeta i MA aos AA, ae bet SS NN EN Re an Pe adie eae ers bach, he penn Dieting d Kean raed 
ar} Sieg ST i hee eon 4 (hic urls F Fy . Ly BLUVae gee ee ke bi ik Sh er) ‘MLENAARS hb oe he eS ey oy etree 4 Aes arch 
R : in ae Aart a AS 2 my) ee haat Ue ee UY 2heet?t . 4% a A Ce be PS, | POSEN Wr ioe SO a eure bars et ae POC ee NT Oe: ceria ata Cos aa mrs 
-.. * hPa ws ea es IAB, ‘ ifn aa ee OR oe SOO reine PU La ok ka ae a ee er eS Aes rh wk. at AARNE, Sa PCL ee we oe oh york oes Ske id at 
b be s Oars Tau eon aA w, 4 ew eo) Pi * SAA ay vat ay a Rot <7 ‘ x a) a >. A gts i a aa erS ok a uk be hk batt We okt LE 4 ae rae Aaa ak: Bak \ 
" rt + Aa) e * 7 A 4 : ’ so . i. Vv OF Pete os as o%," ats 
erry P owe rar 2 ay a oy wee arin : ao en ht ae Se kA! ee Te We a ST OS AG ay aS AG SOON Ls at SSS ae Se ww SEES 
; 5 ner Ji hy Sal Aaa Wier er war ot ae eo es Ak Aa OG oaeiteekae Ma ES eh Re = Cee Eee iL vat: Peat hel wa Ca ihe weneen 4 ae A 
a ae ae ar 4 Pe, Biko . 8 LS BOT Ef 98 Ah! Ae Liv’ * OA Ly Le eee ae re 5 ie AN SS eats SOL oo ehewk, ey, 
2 . Mee Tha OC We RES POC COLE SL Laan tence | Wet BURNIN SOOOOR CORPORA LES 1 Paria’ 4 Sakae sae = 
; eh _ ae 4 TS Are See Ae of * ey! “un Pee ae wie’s ah Pe a Bde lee he RENAL! 2 Rt Ye tk Oe a PC RT: Ae at, 9 REET pa A 4 SS eh tee . 
a 5 b Heo a} ee ee a mA he wl a! LANs RRS Va'y yet NEO Se Oe dh ore Le OS ae War RO a tt ee Me eee ee ar es Sy Pe RS, it “et ose Sete Dp 
“ e r av ak et: ry Leuvpe ao POR ROLE CTL CN DUNE COIS DCO awe ee waa wea oi Age” AOR a oak 
by A BR en TEU EE AN YYW ie Ne Ete VE RAL EICD PALO A POEL ORAS CRO SD Oe ek Ohare & a teehee bre Tb % as 0 vine’ oe 
Ze det Oe ee Ce RR he Pa Sa tr et PAL Aare tt it Cay clad SLOANE i haa Ak 
® 


ee ek th Soh A At tet Me eh ee oe ee a LY ae craane® 3 ha ee be ht ESN net a eh Stans «5 
. hie eh a AA ey Dich hae LEEK Uhh oak ARS Es Se ROS Gj Soe io a 
Led 


ey oe SU ee | tS ta Pe Se LS Onan PR a WE a as 






nt a Sa er oa ee Sy 
° 








tao my Poe he 



































eo 
we S ag 

F yee es > A ca yr AY: erage en 

ee eS es Pee ee aa a ROE CAN - 


ARPES Net Laat Nace aos eI Skea 
RRR eA Rees ine ony a 


APU AS Dew Re eth SARA Ce ed xe rs 
‘ oO RTS Or SE PD SOS Ce TY ft ANE Aram Sek A att tat ae tart Aety bekH) & bani’ ‘ EY ee io masa Shs Ah 
eee yee Pay a! ie ae See ed ee ee Re | Le wah he at se nh MN Wee SAR WAS cei aye, ay SM st 
~ A eR Fate ot ee aed ee EMULATE CES + We Ua, EY Att REL Pt SNE ER AR Sos aN Tye. CEN eh as ae bs Be 
5 Riad ra. TAR Sars CTS Ae bE Ae ASS 2V9/o& 2S wh Ve DDE IN SBM May? 2g 2. 0, emery SUM Pa hh “ ree eee a ae 
Le oe. arbi ra ta # BE ID'd ha, Bee ty a Pet PLS Le I ioe Ae a ts Pry CS aS a i wes a a ey nee oS ye oy i Pe no =the ye ae 
aS aie th te Me P alk oe Mee ere Fo Tes oy Aart aaa SY | Ps Vas ae ae - Se ee aes 
er: rr es a’ St a AER ied be ae te Say vie se . Cab + a4 ae ieee +h Le bal | 
i oe mb et A aa a WRT bah ace! ti Le Ld rhe tes oc ah Re AS. es he ais ca SSS a ee 
7, re. Sat I ee th > Oe OR Re i Cire Ns Le ‘ ens Sak Cees bh ae xi 
of PUR We A Pree ee SPH yi vs a wy’ bee fl te Ae ear € ee Aten pat 
ee at tbat v3 aA ee See Le ce i Leck Rah * eh or ebb ey, * was Ay at ee yone et a soa re aA 
LE Cah ek ee rete y rey Die) Ae ae ar ect ek a Sharon cease oe lit Sa ret au) A 
a j ; Ay eye SZ he ly hy eae sae ey, is ies rs re YVeaa >> am ny CNS SUSAN Hea K peri te Kaa Suen 
Pel rae » K i Pa Sno) bd) "y st fh 5 rawe yvts a eee SAP > Cie wee AG ke A a eh Cs Die he 4 a4 Sra Gea 
y "hes te 8 » Pa a PAA SE Ae ee i Yt ae ee Sa ac ake Pa eras a wo bette a ean y gb pS ee re 


Cae Ea La Pa ie v4 PL Rok a 
aah aS a hoe rag sea ra s 





































; £ he, e 44 
¥ sy ‘ee Mie wee a bh Le wy: 

2 te 3 Cae Bos ir Sh Ady by 

Or ae a Sache Peed 

5 re AS, ex ee <a 

Ne i eat 

A ; 

A 

Fy &: 






< he 
Oe 
ted 

A 









aA RSS 
Sy Lott eta 
Sena ees ae 
Perr es 





pe 


oe 


































> ret 
as oa at 
hae fs Pind VE 
> : ee Raa 
oa tke Toe en Oe 
; tote her 
4 Be ee 
a 3 £3 et a ES 
A tne oe Se Scie Sar 
fied PUP PS Fy 1 ea Pas eave 
eR hats ey A 
" ey sy * 7 ' 
(fad 3 > elt: } 
Lets Ra a » rad 
Leh "ea ee ou a r 
J HE: % J 
Pe Be ba <9 i” ees 7 ay beg ar Fy ee 
¥ 7 a Dual af ee ie 
tad “at Te bd PR f ‘ery Suey a 5 

































































we roe Oe wen an 
POT ARRS AS, ws eae Mixe . ial to 9 
rebate tut & a “£8 roe att tlie kd 
a A Res 3 Ls Le abd 
eee Sa By ote eae . Serer ce 
cai AS on: Cea re 
A Ok: i Bs on ee Rhy bed S-eelaes 
: . a er a y Totes 
e 7 A eS Sart a ¥ 7 ee te es ua ry oa pl aie oan 
FP ADE REA EKO LS A BOT, GF VES DE Pater roe edt MIO 
SS , AL 2 ‘ Biaa os th ne Pa R Dae ta ey oe Ue Bre Rete) ag a? Po or oe oy 
x el vee Eat vad ee ~AN r a i ; Rye See eh ae) Sera Sry Pe re tb a W Ad Zin Ay y Pe delat ded A Oe er 
Ae. 5 eg ty ty <j OR eee 2 oo Boe GEe rs ao i ak : Vat ee eee Cs ee Pie 0 ae ee oe ay et: ar a ated ie Siete F pei ree rae ae 
GAT fled PTA Eh be Ty Ue eo eT Pa ey RI PMP Fo iP 5 7 AL ee | Aco thae Sete as lige ees are Cr vd gy oF ak 
{pT A UR SR aa MON ah: 5 Be id SP a a PS ok i eal Heat ce Leer rt ree Ce ae teed Ff Pe ada Ps Bd eee 
Chae 5 CAR ae oe 7 SLA Gham ota ae Pm Tae | 
i FS ry 


b oll ork kdtlas Pee Sy ees ots SEF Per a hte ere ; LPM GAPS 2 Zi sR Se Ely pc yt Lbs uae 
ASA ale 8 os Fo} | Poe tm as Ag Pale ds ae hd ane ng 


iA aN ea Gotat eet ae ea Ce et Oe OO era tt es pes on. 















. AMY # Sts PO Ate at a eee Oey ms oR? vi al hak A CY a eee ee a et Wie des ET ST) or Fer Tr Ener rat eee 
Ne kis a Gd WAAL eM OTS ese a ee tae ny ry A REE Poy 6 he m9 ree A. Pe? rer Lees vp 
rhee Tote tk yuki e ate! Fi ene Pe See ener re as LAV cata ve oh repent rg Papp al gst 

We Stal ech Salt ore) rrYPr et PY ie Pay ee pe lege CY ele aie cate ost Cer ee edt pais 
5 Soy i ee ny a ln eee ok es eer eie Bi eew, Pret oar Peto ES ike ge ib ee ee 
EA ra 1 0%, By, ci Went tA a Peak ake od av Reoahste tts saetey: 2.9 7 per pert ges Oe eM tel ae AD al eel at Sacre ae cad ele i oad 

By we Yr PG OSA nA ee he 2 ee yea Ne eae ety ude eee td db Pole He ey! Sa Bae are pa Pee ey Pee yee rt tt rs 

Pca g LRA Cee tor ad etary fas 0 GP KO oe FE oA het ut ek Sd at aes od Ce art Se £0 hed the oh dele das Le ff oy A Midas 
PAU RN ee Jah 2 bw HH OR ive RT akan Lr RES yt ad Be eats Pawrke ee gp kgekgig: pl pag sty epg A Peewee 
Ak Ae Ae = HORNET RH, 2 2 98t ROW, PADRE ACY OER # Ria PAT. MS POC EPS PES ELE TS Fae Rs ek ed ee oe 


oy Py ieee LA iad oo” a sep 2 ESTP CORP YW a. owe Ee ry a ee ey ed Li the it Pe eee Pater SEP RPA Awe Pre 


Ay id At St i hk ee ee ee ee ols Ae ed | ie sah Pl ek al el ad "hw p oor PUP: eT ed ol el oh yend 








ig at a aa 
Kgl a at yl 6 CIR 8 OAT, REL Be A Cn ew ie, ORT ay ae CLA a at ad eal PD hal | flake pe Fe PEI OE Een ee 
Pre Hes ROPE Pedi ied as AS AM oh lal het eH ah a eR cha hale a ahd Caw eee 8 ee re! pelea aw se | hgh het dt -ot al pc 
taal oA ah, Sper Pe ANU Sa Se A eke me Le ae PP erie dh. by pit all nk data tal g glenda oe Petters ete 








a) La A 
wee a: A aE EC - 
er Wat! CP PRD 8 em 3 
Cree Anette ee 2.8 WS? ey a 

, Mest ng 


CRSA RE RFPS OG ie tw Cie e el eed Sod Ce ele ee ee ed yee ppl th Nl EET OT ad hie ew ¢ E Ed Che Bx pr Naskedaghss 3. 
Ree hi eo ai ok te tke yk a oe tia dat bade hash ell ghee 2! Pr yeres ELL te ay ei ge sneer aha etees wv. 
eet Ae ce Se be ie et i ee ee ee geek tad Dah e POF CORR PS Wal dah hod! dod bata 7 
te God ek en SPAR P ao poet hee Ee te tf tilt oe. wh bod one ok RE eed ad, Lee ree PS ere A ee 
CED, OO Ea ERA RIV OT KE CAME ES Oe harsh oe: fiet htt es 
































































































































Peet al Lay v.Vib te i Cae ok Nar eta pagsepeyt Atha oiot p 
nw - ee a reRE KS NEWT CE HHA Reh Oe Dd Be BP i er [iden ihehactol at clatelad OP Re ORS @ © per pee a Seah sing a> 
P . nS PN oar | ea oe ais Ce oe Oe ee Oe oO te ot Can aR oat ke ie oo oy, He PY Petey ere ees PY tad ar ae rb a) Oe ae! ak oe 
- : ; 2 RS TR le ae ds he WE A ae ts Sol Mead el a Ce E Ld etn oe isha os) Tonk saddest artidect ok of thal ddd ok dl Ok ab dtieinw El ded ae PBL S PRET PE FPS PLP 
Ph io oe 4 i y ' J <a ag Ps 8 Asal A ol , »F Bars we fh. ie $1 oleae to Seat Lk clea AL er FPO we t; CP tc et ae Fen tt kt ol le Set PA ig yng Ort iE dL od 
n t 5 , re a LA TI 7 aw ol St BF sc sa a i oe a Ll A Pee ay eter Ree ey. ret et a ey Peers ee Me tol fat foe ot al) pat F Cop gl ATE ie ee dai 
Pe a | Fe Sa 2) Orhan gene L ‘ Mh SS et Lead ity? « hyate shen eT & Acta A aD h tued dat Sahel Natok edie er rer i ee ee ee ee ee ee! Pee 2 eee 
Tt ee OS 7 edt ae m phi Benes SUG Hae a nats ; Be OMY APY Fo OHS bors p rut eked ae Pere att ata aati Pye coher 2g CT ee pte Jat a ngaugited pohiat aan slag 
= q /?. : peu Mt Bide Ee ot De Beall An pd Nets , ik ee eh et A LPP ee Ce Bree i ied oe ae a ee wo rr dak te Aa ee et ote ee ee a ee fle te et ee ee a Peet bale tel Peet ORNS of oe lide 
me eas ee ge py Ul La ati eC A hs ae ial ee yo yh Malate ie A ET oe Le ee en ee ee et ee eo Sate ee eo oe a CAS A petal eps tek Pegh pertde at Seal gol Sold inter a neared pick aden Tes chek ed ohn int ae 
si U : as Ld ema 8 a at mPa IAS a Bag Lele Al Pl et tt ol oe oe a Me om pi A Ah oo eS cee My biel EX plea i Regh dial egal, i Ae Kah ech tahghianal dt Althea le dk deck Mh dacesl-tte it week phcakieieh- Dh inp) gt eel eee ie sat. 
. bs r? “es Ui i MU & Fs A OA Sh 5 ie CH fers AAA og Se Br rte ePetr lg wv Th el Ags CHO eT mos PA AeA DN eT eee Welty Pe ree yh | aah elit tah LI dat arn Nit adh Po Neath alk ah slik celal LD add inten at oh hk oh teal nd 
‘ ‘ a es eee Lk MP Bete Ky Ss ce ST Oe ok ee Lee ap CE he til te et oe de he ete Pe et 00 HAT oe eke al date had ae Te heh Find one oe giplaete CPP 
. : : ame et es PL) PL eh rh A co os Pi sell ae oh OL od Pe Oat ees Me eo) Cau 2 pi Pre es et eat a ek ad aed Os od mf Pi et eee Ce eee ee eal eek ted of hol oD AAA ph ekg -b-0e pid 
es 2 PS CAC Cie ELEC i AR PIL Se ls ol Man. AU oe UP ae adi oe ba es he al 2 nea ' or etal ee US eee etre te te & a IRS a AA ae ne RS NAS Lee aed ale eee Fd pet chgpos s owe 
ar _ Fs x. u vv ire ’ 8 oo err Tu aed Ok t Po Be FW Ey Ameo tA a Pes, Oe koe A he oh Ae ee ee Lewe Pers SY hwo F KH Nit onal tir oe Pao bdo Nd ph dled Peckeclegh Sirol ahaa ti SRP ETE, Fat ae a ads 
Ui ae +e oe A i ee oh Ae I Ad RL i ok A oh OD es ete A Etre ee ea Let et PEPER LS Er er tir yee eran erie Ete ial thd bn SE cha pple” gpa 
p . . ry i Te Ma icy. A “il ag seri oll TWP Os aad 7 a a te A i ee Te ee ee ete ee eee oe bet leR phginllel cok Patel gh Sl akg tal dl AG oh: Lidl cele. Tibet fat abel) hig palma gh 
7 a ; ry ¥ rm La ee CS es Pe re ed ae ¢ oe Fi trey 0 & DL Se ke Pitas hei i tae gee i a ea ee a) EM A ol A ld hea taal ih Gok, od ot ded ad a cit ite ee tl oo fee Pattee Pep eal ty gh Fd aed 
i DU PS Ee ea A ee A A A ha Le LS ee ee Keer = eee mh ae ye: Kei, Beni, en ey he RES Sh tad Sesto et OE Leet eh a tdatgp nies 
ee A , si a A ool We id n ee Ce ed Prac | a ‘ wD a , rie rer eny On ts Aa aaa ak ie et al SUA RCA ei PRET HRY REET ARIE T © ORATORY DERG C ALIINOE S FRG ACME RTE bp oe ee ee ot eet ee oe Seo! ok al od 
' ry ’ s a ‘ ? s y J bed Ma er Det del lt oe Wise x4 a, 4peat bo PUR | aa anda. Pet Pee er a as aa Py oes ee ty oe ee ee ee Pak Me en ld el ae Aor oT] re) MIA, iad hse oe thee od Petar eo eee ete) Pe et 
7 $ en Pe Se ete 468 Rn eae ee ee Se ie ke ewer Died Me kone ar og ote ee a ee Rk i eee ek Ad nO A oe kd reppin $s iy abet tied. d Sel Roeland ea 
eC A ae L ee hi oe OR coll SN a a it er ee te Pi ek OS a oe oe ee ee eee SP et ee fet ee Le ter ed Pepe ress flail ah pideges am pap Al Dri fegye= 
5 °* at hh 6 | o£ PVR La ie ae a be in Lm Bae ee Lit FS Deo? ia eee Seed AL tated th ihe einai od RS Di Ae ee eee le ee oe wip hs ppp adech Lola hl” hp Pegs, Pe ecg | nace Atl yt teh ahi 
‘ A eae Se pb & wy a naa Oe tee ce PO EE TVR re Se Oh (ae Ces ee ieee Ct Or rt ry ete eee eee ees bP LMS te OS & RO RL ee M hk -athelindh it idahed tie Sete Ph sang Ss: Asp gate OE ote 
; : Lie tiara - a ee ae a ALL FX UE od, ek PO A Eh lee DA ih AR ee OR ae a Boor Cs sO PT FALE HD: Peer Sa ae er G Pf Poy ihe Dery gg Pee ae rr ee eet et te p Fiat och al dt At ool cee hd coh tcall-al oi al cet 
ea a a Ay b Uriel ses LR AE Pe ht nih i A RNR eS Ae Oe rid eee UN eat a A ad wngtegep le Lek A ote UE eee at ant FL ONS tee AL ge Cd FERED ER: Fe alas Per Pt Ro OL tintin iy eo 
F Je Seer | re ws La i el aS Ok ee eS ke a ts on Snes A OSS bt baie ac on aes Dates eat a a ee RM Dee oe Date hee PL tee odie Lae tel OV OL GREE EP BOTT REY DROOL CPD FER hee PO 
: y ae a A a iu i We Ji me wit ey Mf oP aR.) Ao ahr SU ee a Lk WY Se ae Aa ee I ar aa ey ee ee ot oe Tre eee ee eet ed er doe fa ee LAE et a ee ot oe he oe De ol ee oh ol at a al ace, ahead 
O ' 7 Ff b 4 ‘ > [ia | Besley Peery ee Ret ae oe Peru ong Cam oot at eee ie tT ee be 0 Ce ee ee A ee et tert oe de Pe her pe aT La alge rd 3! Raed tage ing es gre ae A ete Te Nat gt al ee a 
Os ie a ee (2 =? - F be | ‘ OUT Le et) ee Oe ee ee Ye et ra eer ee aay TL ae et Wn Stk 2, a ee ee Oe ee a a) oF ii 1d dhe es aal Rie cy get [hl aiid all th cd ttl Ned ek Soll hod terete ind clan p,_sonttatiliahbiedtlt 
’ - a A) 18 6 hy ee Dall PD od CR SU eo ee ee ee ae ec rae Peer bey Sie Tit toe eh Oe a oe ek dk a eee phar ien A epee ee Ae ee dd ok od ol ol oll a oe Te to oh taal al 
» of eet Arie ot tr fant Sir I ees, | et a A Oe ee rut PROMI eee Me hy Ln ee oe en ee ee ee eee oe ee Cee Pee er ee Pre te ee ee ee td pe Apt ging phd ahs + lek! EI Oe ieee orl ee ei ey 
, raed LL, Rr a fk a RI ca The a 2 all Ded 2 ik AL A ny; a De ES Cubes ae URL ‘eta Ada 29 eh OLE OT Fach beh 8 PONY fe vt OD Ey ot segs onee te opi PPO Tet te Cre l Are: Lcdiad 1 hkcattel th pl nota tathnttingtal 
eh .? 4 Al ee ECS ae Pa SS Wie Re me ee eM NS Oe a ee en ee ee ee ee te eee red eed ha aad ch ahd oh chet ol ahd Aol coh tlnl aadaalt cap poh os plpuglom prlcicpuslckert athend popes 
Y ‘ h ’ '@e SiC CC 2 Te wi FIN ot RA AC Cn Do de i ak ee ok Pal Pigg EELS pet ET de - veuvatn ee el fo pe Pine ti es ed a of et fo ee fer Pp gh portant sto dp egh ge ae LAS i Sint nlf tla Hig 
' i Se af J ae wee TH Cede 1g OLE Pokaan aT elt ol Lad oo Caen ee Clee re ee ee ee DL hee ke ee a eee Py ph pled Pep fl ile ol ke Ore Po Nah dl Aten peg oad eg oh hdl 
2 7 *,° is iv 7 Ls Ce ed ai ome i i ee B wr re nd ay Ae | et i a Gl Po me as a ee eo ak ee ke ed ORE ak Soe Or ke ee I ad a a Oe thie er ad ttle Wut ok duet, oka a oe a a) tld Cd re at) io pe ee dl ol od ee ahh el thal 
“ Ue gto i Cae ae aes oO i es ape oa) creer wie a we eM ae rt eee ee Pa ere te eee Sal phat hh gh aided So etl dal ah oe ee an eae te et a Ae TS Bee eT ll hl Oe ol ollie ol al 
, c #e 8 aos " ros FL 1 sa htt Ae inh i MR SO a ON ok OS | Wet BA a i ae ee ee ek er ee ee Oe ees oe a Lew e memgre ee CITT IO PELE  L Lee 
. ier ve CEs oe Mee er a ee ee Pe ee ee ls SB COLEDRHI TO PR whe DKW O TE oy) EOE NOUR Ee ROS Beh POOR re a re Pett Feely eee @ lend datats de S shag gh ete heh ah taheth gli ipl ol. sppl ep ficient a eh Ae pt 
is Pe in LSet ds tah Le a) ee A ee aU ok hie ie ee oe CI teh cite Pile Tit wearin Pahl phe tes RS tha Dice ee eee eo te Ot aw bps ats fal fhe mesh Aopen dpe Date risa Psat el_peh- ds 
are Lee iE RE AG, A I PE TP le a CT oS aad oe A A A hal th oad LA A ee i Ee ee PA De tculal Rak det Lifters Mile tytddh hg tape eee eter Pee 
OR EP CLD TICE ok 2 pe RAN ee Oe Sl Th OT Oo Oo SR al ALG ak A ds Lap aaa ae ied We ie AN Dk irre terre et ee er rt et eee eit ry Pie ee ei eee fe Se | Lee rd earth hab gh Ml aed relat paethianhelafmenat athaatieidetoginat 
YY , BP pgs SN ce heal A le LR eh ah De OS I I wi i LR UDA PUR AA de Pee ce SAE ek tat Pa we ee ee ee oe eet dS ote ed tt Ta lt al duel Bedl ib hed  dke dl gl dl atelier akc ontbh 
i fs Si a te Pilg Mio pA ATI ot Mh he MAN Ne BA oh TR a ti ay Strict} owes Se i RR Pe Ae de ee eed ee a E  Llkd il hal Fal bak od de dhe PPP ie rite Teele 
DDL A: We rs ab ae eee ML a ee a Oe UH PIP MS TFET RP AR PRE Tee a 6 G. ne CP rita) tt ok 2 et ed ye giaage | Lp igh go Lh a eb dl el fall at dha par iinet i 
Ds i 5 Jc I LL ae SOK i Oe ire ae te A Ie Lar er tr rs Pay Lae cae od | Yer an AR NA he and ote) ric. had ae oo papi units roy ie tt he 2 a) FEE KEP ENT KES PPP OH FORE pr ena ots tet 
eC o j dad a UN A eo a a aa RV PEAY OPE Ca OL oe eh 5 a tg We eee ETE RH af ef eer sagen fee Pe a Seed ae oe oD ok Rin pflde tad Aidit de ktelee SO} OF err] & YP te Ts 
? ¥ Veet bey AL Pe ee oe ee i be Le Ly 1 i ee ok + * Swe a) omy "VE PAR OR ee eee weer ees ee 2 ot se ee ea) eerie Cree hp eg lA dyed Pertwee ieee id ee ee re ld ptere. 
n D ’ — a wie! or ae er ed 7 a Orr Pra er ne Poh Ca . bet i ae TY Li of AY ote} ee PA Mold ede et eae Pere eee ta ae ee ee Oe ee ee et tee ee te oe NIE Ls ah dhe lh aati ad aetiiatactindts 
: by hd 4 f WL et UF He oa MW Ark ike a ee A wh Tt ee Ca ils LA ee ek ok Se WV Rat act vy. oe Tee ee ae Per tt te tee eee ee Pe eS ee ee et dd 
: i 2 ee | ole ad i A he Oe be £ Oe a Ld A ek en ee oe ae tt oe ett ay "pee ea VY ORG KEE TF etry Awe s cP oy PER EEK a di Re teers OMT SP ea LT tl tot tae re fot hal etd taal Le hel ph clk eel cha mpeth 
ae 4 L + Spe Se 2 OD oe | r iu ye fee elt Ja fu 4b nw bl iA Se Ml ee I eS Ae Sos it oe oh od Pe pt td feet ee) Pt el SO od Ld taht Anadis tne bettas duel tli tintdl 
. 6 eT eary SP hi ot hl a ee OR A ok ee 0 ah AA lh oe kk ae oe ee Aree) St are So et ee at Ae ee ee Sh pd dg Ga yh A lca gy dig attacked fs peg hate oS 
J tl SETS SOE CT iI Ce a Naka Oe ae oA af Lae ee ee Oe a oe ea De eA peeV eT nie bbe Edel dade ko kd apy oo ie ab clipe: apbereeapene ery EA ddd think Leach, tataaiek al il dik pettiagl fh deh gales deh ald ietiatriaredien 
" 5 , ] , Prevr doer ey whet’ & &r.b ls | Pie Ge ole A bak i de ll ch OR RNP Ee eS MN RR ey Cy Tee a a ee it ke ee Pela rh aatdt teat si aare EARS eS De tei hes a tel “hcg kay 
el Pt Pw TR 7 ee, yd adils sake ih vi Tue ve wes aan A ee ae ht ee a eo ek | Bh Td hae ae ea: | Adhd a ae he Cation 1 em vanecensd ET TL il sal ated ahh cel anh ad toh Ap cipte deleted pte cating 
‘ ee A od de ae eg i of te oe aT ek at ee ok ke ae a tae Oe a be ae ee a ad a gg Fiewnsg oe Keres tl lcd th do hd ae co ND te dU bt ea) Dibhel Pahd Pt ade Do) nu eat kal ates Salah aiegl ectartteatadl at i 
L 3 bs sine res «rut "s ee eb RAL cA ee SA Le ed erie eereret ke Mt oe rs Lf lela ve Ul TG ge Ut A kk te ied ot edt ett Ch alta acthelesieh til avert la Fe shaadi Pade 
' ‘ p Dd Pd had ee Ae 2 ae oe ed Pr a ey aaah gil AF ak Mik eal OF oe ee oe A tamer RLS 9 te a Se Liat wl clan) tal ak ae ak at aed octal es eh ll 
: ' Th he Nel et ee ee oe Me tL eit kt hk ee eck eo ed Bde ead slave Aofer Py ae or et ol she ded ok pes Patti Cia EOE PASO LOD lalate: 
J ; a i Ce oe ae a a ae - SIGE Pee Foe Sh Loe 2 ae Ae Cee ok eo ea for ee Pie Pw. ae Ow ew OS Sea iit ete tee th bee etd ate poh apd apeael oh hl ain plod 
s] n ud or ann Rad 3° 0° 9 wo Ca var ta. . Y io PI tha a Mea? eer Ot a ah ee Twa yh ad 2 ee oe ae co oe hk ek ee ode he ble da a se pe pap pl ay plagheg ap 
y t ie wey ns Bg ol EO a oe re “Prin? Wer emg in & Pte Foe ye Peg tos PPMP yr Ke eerie cieitp Cet lle reek di te Pe. 5 Antica ahaha Rhee ead thst e eine 
‘ aad pen a a “y Re ‘9 Cae 8 id ah ake tt Cf el ek LA vt FT AD PEP HOG Ok 1p ytd pd: HP Le OF tee 2106 & Bb esr F's oS bp Tense Epil eee Need eit LAME eee 
' ‘ Ce On WO SO Sele oe fk t AS da eee OO at eth ek Pee ere na, Sarr PE Sree ar Pere te awe ae Laas en es te rs eae th Peter atte toes ak 
’ 9 as id oe ae ee ee | A oe ae ed ge De Ae MO RS RA ke ah le Rl Beye sa [kook Nhe yn AM pk TLR ol ached ya hdd che seh pigh drathell made dl Ih steal hep Daphne elpate 
ae 5 a el 0 rl tO A A a A, Md be tel EC mn Ae ee oe lh ee ey PAyihrutss CEO REEF 2 ORES OB HE NIMROD Br he hcl ct i BRP rep 9. PR orem r’ remren CA etl 
ad ’ | an + 


rnd re “yearaeant ak ioe, yi" rh 2 A di il aah Al 0 ae pl » PO bad ie ‘ . as (hp Wwe ye Mier th fer. i ee ei aw tt oe te A to oe deta pie Leta Lok cs dacdttn Na gnome 
OS MS CAA ME LR Lh ed ee OK See oe hd aL CSS Soewenn gre Pe LPP N SY ONAN AOD NEEM LONE SE DD BIS See allel fe tel i ica cinletciee 
cae , : : wep W ree F a ad Ch Pte ta! hinge Ca gl 
Oe) a ae od SP I Rl Id VEE TS OT OO Eee BWP Or ee Peet SD A OE TT Tee FE YS OTe bp ll of nodghely eee iee nce ewy P able we Arch peau epege 

















SSN eth eas Soke AA ee Oe oe eek ae ee Piot Dit ae a a eS i Bh) eo te FP gn ang 
oe a Efe hh APIs + PS TAR OPT © Sh ap tA dy ee eh 4 ran’ OL ah ath Dt thy er ante hnveae 2g ll rs aieme Om OF OL eA A ee ig # hk A inl Mg ph peat Mphath lide POOLE LA AAEM Tita ohcle Ot eel ot te od 
‘ ro Tees ee de tk ee ee oe ee a A or A al i 3 ¥ A eR MMe Aa IM a ak hd A We he he PF oP ©, Leni Fork or Prey a Aer Fah cet py red OOD PRE PRIDE S fink chsh rneteep enter 
eu : ’ Y , i ee A, ie te Ps ‘2 a I i rt a DO i Stell Saleh I a TRA Ah ee Ke ke Oe ee ee i La A We fv. Sta Ueda ae EAs Roo Me eT RLOe LD oe dh i deh aaah agli pak 
LE a | eS Pie cee Bn ha ae es ae ee | A eh hg Up re rere eer Pp a ke ee ee ee hot oe ee ok teed Pe oe Oe » Ce oe Oe ee ele ct ee al Ag ot oi des LES geal ol fy Hh ded 
fe MI tae DCS I ak ot Dah Ok eT PIC SRA SE IA A SLR A aE RR | eed aod al ok ek Dek te hits Bf pif ela Panier abintig deh ed Dd cir pataphplas a> g Cate Leh prarhar bP gad lt tt PIP ht S A el eevee 
2, am fone y UMC ONO tS ae ee ar Sek Oe er De LR A ik Rae lad Falla RS on sacra feel ter Vani detache ghee Lahde My Le ok fA Lind Lichtin crane pan noes RO bS INS aoe of 
oan a nea eo ot eke ee ed Bg TAMURA EL Ll PRs tO Or To Re vy 2 ee ee eee Pg felylighy ead ee ace CR ea ee a eT ed ee od ob cel pd tate lett et 
ie ie i? a a a ra i Y ew Ed a Ji i oS te AR he ol Aad a ee ak ap CECKH ST» MP RS week en ne TTP ee ee ee ape lg EM he egh eh ina  Maled oa vahe! mh de peter et ee Fe oh ek a elie hal 
. a steal {re 1 wer awe rire Ca eS WN ea) a ee RAO Se AN OR i el PO ee he a id OPK rR ere aad, PL te ART ALR Aa ae ak Co ot aie e ete et 
rye : oe ae LS ae dea ae tke ke a th ee E eee "Wid ba, te A ae) fi Sa Cie Pek es Pie Kk, oh A ura eCiet eat gh ic B td Le, wag rh De) CA ALN cod aetape ihe Staeel: itil L i tw wih gail dnsl desire 
U x 4 all da } f oy ¥ ee) eee: r Se ae? a Te ee ee ole fe ee BUA rik Y Ce a ee i Be Lira ale We ria Sen ery ro et hoe tg CORRAL LILA et Dd al oda oad ape 
Pa eS Fey oo 1 3 OR RG Lh sue i hie si ner hls fee: AAA AA LL barrett Cite Le b LY plea ETS ghar 
) ere BS zh ‘ph: LO ia ee Ka m "4 } 7 
c a : Be PR eA i el ge Peele ey ppp Fe hy aes Cts hdd fiaiing reo 
she PT 





oe at 5 PH t@ i, RA RAP ee Neri f EP AEAS A tac hi 
La J or, Ue Se ay Md / r ' I ¢ 
rey FP Ot ae ae hd PLL a vert pe A ale ure ey 

a aes Cn bP ag ire ANT eee ig : Cee eo | ry A Bgl Ae K ha aed Fs TAO 

F P ¢€ ae ra eg a wee Le PR PY nga 8 ae wt on re at orn a edhe A fT Lt a OL f ; . Z bape = raya, Tage ote KLOET 2 pair 
Pere ned wD FET Ae aT Seer bP rn rhe ea ‘vie ee eek 3 bt Oe om FRAKES PA it sdk He PD PRE PW OF OR eID 





ie 
= 32 
ee 
+. % a™® 
S 
= 
i 
Be 
. 
J 
eS 
a 
eke 
5 
ay 
af 
Pot 


oo 
Hy 
3 





iH 
bh) 
be 





DUSLEY KNOX LIBRARY 
NAvAL POSTGRADUATE SCHOOL 
MONTEREY. CALIFORNIA 93943 











NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





tAEStS 


ieee rrecl OF ALLOY ADDITIONS ON SUPERPLASTICITY 
IN THERMOMECHANICALLY PROCESSED HIGH MAGNESIUM 
ALUMINUM-MAGNESIUM ALLOYS 
by 
Richard J. Self 


December 1984 


Thesis Advisor: Terry McNelley 





Approved for public release; distribution is unlimited 


T223062 





Sp mmm a 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


READ INSTRUCTIONS 
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM 
ee hCG 


4. TITLE (and Subtitte) : : 5S. TYPE OF REPORT 4 PERIOO COVERED 
Mime ELtects of Alloy Additions on Master's Thesis; 
Superplasticity in Thermomechanically December 1984 


ee Lio eee cl 


Magnesium Alloys 
AU THOR(s) 8. CONTRACT OR GRANT NUMBER(S) 




































Richard Je Sele 






10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


12. REPORT DATE 7 
December 1984 | 
13. NUMBER OF PAGES 
i206 


15. SECURITY CLASS. (of thia report) 


PERFORMING ORGANIZATION NAME ANO AODRESS 


Naval Postgraduate School 
Monterey, California 93943 








»- CONTROLLING OFFICE NAME ANO ADORESS 


Naval Postgraduate School 
Monterey, California 93943 








14. 





MONITORING AGENCY NAME & ADORESS(if different from Controlling Office) 








Unclassified 


1Sa, OECLASSIFICATION/ COWNGRADOING 
SCHEDULE ' 


Approved for public release; distribution is unlimited 


16. OISTRIBUTION STATEMENT (of this Report) 


17. OISTRIBUTION STATEMENT (of the abstract entered in Biock 20, if different from Report) 


18. SUPPLEMENTARY NOTES 


19. KEY WORDS (Continue on reverse side if necessary and identify by biock number) 
Superplasticity 
High Mg Al-Mg Alloys 


20. ABSTRACT (Continue on reverse side if neceseary and identify by biock number) 

This research extends previous thesis work by Becker and 
famels, and 1S Concurrent with that of Stengel on the super- 
plastic behavior of warm rolled high-Mg, Al-Mg alloys. [In 
this work, the effect of various alloy additions were investi- 
gated. The following Al-Mg alloy compositions were studied: 
8% Mg; 8% Mg-0.4% Cu; 8% Mg-0.4% Cu-0.5% Mn; 10% Mg; 10% Mg- 
Obes Cu; 10% Mg-0.23 Mn. These materials were solution is 
treated and hot worked a 440 C and then warm rolled at 300 C 


DD 1 ah 3 1473 EDITION OF !NOV 6515S OBSOLETE 


S/N 0102- LF-014- 6601 IL SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


20 (Continued) 


to 94% reduction. Tensile testing was then conducted for 
the as-rolled condition. The alloys were tested a 
temperatures ranging from room_temperature to 300 _C and 
at strain rates from 5.6 x 107° sec7! to 1.4 x 1071 secu 
The copper addition has, on the same weight percentage 
basis, the same effect on superplasticity as does the 
addition of manganese to the alloy. The addition of small 
amounts (1i.e., approximately 0.2 weight percent) of 

* manganese appears to offer little advantage over the 
binary compositions in terms of superplasticity. 


S/N 0102- LF- 014-6601 
2 


eS 
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 


Meopeovede tor public release, distribution is unlimited 


The Effect of Alloy Additions on Superplasticity 
in Thermomechanically Processed High Magnesium 
Aluminum-Magnesium Alloys 


by 


Richard J. Self 
Lieutenant, United States Navy 
B.S., University of California, Los Angeles, 1977 


SUptreted ine parcial fuliiliment of the 
requirements for the degree of 


MASTER OF (SCIENCE IN ENGINEERING SCLENCE 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1984 


ABSTRACT 


This research extends previous thesis work by Becker and 
Mills, and is concurrent with that of Stengel on the super- 
plastic behavior of warm rolled high-Mg, Al-Mg alloys. In 
this work, the effects of various alloy additions were 
investigated. The following A1l-Mg alloy compositions were 
studied: 8% Mg; 8% Mg-0.4% Cu; 8% Mg-0.4% Cu-0.5% Mn; 10% 
Mg; 10% Mg-0.4% Cu; 10% Mg-0.2 Mn. These materials were 
solution treated and hot worked at 440°C and then warm 
rolled at 300°C to 94% reduction. Tensile testing was then 
conducted for the as-rolled condition. The alloys were 
tested at temperatures ranging from room temperature to 


300°c and at strain rates from 5.6 x Tome seo eee EA x 


ome sec +. The copper addition has, on the same weight 
percentage basis, the same effect on superplasticity as does 
the addition of manganese to the alloy. The addition of 
small amounts (i.e., approximately 0.2 weight percent) of 


Manganese appears to offer little advantage over the binary 


compositions in terms of superplasticity. 


1 


et 


Ite 


TABLE OF CONTENTS 


INTROPWETION 2s). « ee 


BACKGRGGND =. << s- -5- - 


A. ALUMINUM-MAGNESIUM ALLOYS .. . 


B= PREVIOUS WORK S. . 


Ce OVUPERPEASTIC BEHAVIOR 


D. ALLOYING ADDITIONS . 


EXPERIMENTAL PROCEDURE . 


A. MATERIAL PROCESSING 


Dee WARMER OGbENG . . . « 


Secs omibte oe Ee CIi MEN IBS RING 2 sete. 


De DATA REDUCTION .. . 
Ee METALLOGRAPHY warts es 
ReSsUEESeAND DISCUSSION . 
eo LTICAL MIGROS COPRY .. 

1. General Results 


2. Binary Alloys . 


3. Manganese Alloying 


Additions 


4. Copper Alloying Additions . 


5. Copper and Manganese Addition 


Eee MSCGHANTGAL TEST RESULTS 


iy General Remarks 


2. Magnesium Alloying Additions 


ile: 


irc 


RG 


16 


i 


22 


28 


28 


29 


el 


34 


3D 


BO 


26 


26 


S7 


40 


42 


44 


47 


47 


52 


3. Manganese Alloying Addieience. ~— 7a 


4. Copper Ailoy ing gide it roms eee eee 


5. Copper and Manganese Addition .... 


6. Summary of Mechanical Test Data .. . 


Ve CONCLUSIONS Seen ted ete 
APPENDIX A: Mechanical Test 
APPENDIX B: Mechanical Test 


APPENDIX C: Mechanical Test 
Cu AG re ees 


APPENDIX D: Mechanical Test 
Mir 2 Ll © veers 


APPENDIX E: Mechanical Test 
Cu-0.5% Mn Alloy 


APPENDIX F: Mechanical Test 


Data on 


Data on 


Data on 


Data on 


Data on 


Data on 


Al-8% Mg Alloy 
Al-10% Mg Alloy 


A1-10% Mg-0. 43% 


A1l-10% Mg-0.2% 


Al1-8% Mg-0.4% 


thewEEECeCE OL 


Mn Addition on Al-10% Mg Alloy ... . 


DES OF REEER ENCE Seo.0m o.com 


INITIAG DISTRIBUTION, Sist sa 


ol 


68 


77 


a2 


85 


87 


94 


Or 


108 


114 


Ze 


124 


rac 


io 


et Te 


TV. 


Wed. 


te 


werri.. 


Pion) Ob 


TABLES 


Alloy Composition (Weight Percent) oo 


Mechanical 
Mechanical 


Mechanical 
ME koy A « 


Mechanical 
PAL Oy) eso 


Mechanical 
Cu-0.5% Mn 


Mechanical 
Cy Sacer. 


Mechanical 
POLL OSs eet 


Properties of 
Properties of 


Properties of 


Properties of 


Properties of 
PoleOy se. pee SL 


Properties of 


Properties of 


A1l-8% Mg Alloy . 
Al-10% Mg Alloy . 


A1-10% Mg-0.4% Cu 


A1-8% Mg-0.4% Cu 


Al1-8% Mg-0O. 4% 


A1-10% Mg-0.2% Mn 


Al-10% Mg-0.5% Mn 


28 


48 


49 


50 


Biz 


59 


54 


EtST Of SF iGuRes 


Phase Diagram for Al-Mg Alloy System ... . 
Phase Diagram for Al-Mg-Cu Alloy System... 
Phase Diagram for A1l-Mg-Mn Alloy System... . 
Test Specimen Geometry “a 2 9.) ies) ae 


Triplanar Photomicrograph of A1-8% Mg Binary 
Alloy in the As-Rolled Condition, Showing 
Banding in Transverse and Longitudinal Planes, 
and Inhomogeneous Microstructure in the 
Rolling Plane. Graf-Sargent Etch, x250... 


Triplanar Photomicrograph of Al-10% Ma Binary 
Alloy in the As-Rolled Condition, Again 
Showing Banding and Inhomogeneous Micro- 
structure. Graf-Sargenmt Etch, xZ250). [ieee 


Triplanar Photomicrograph of A1-10% Mg-0O. 2% 
Mn Alloy in the As-Rolled Condition Showing 
the Homogenizing Effect of the Manganese 
Addition; However, the Rolling Plane Micro- 
Structure is Still Slightly Inhomogeneous at 
this Mn Content. Graf-Sargent Etch, x250.. 


Triplanar Photomicrograph of A1-10% Mg-0.4% 
Cu Alloy in the As-Rolled Condition Showing 
the Homogenzing Effect of the Copper 
Addition.  Graf-Sargent Etch?) <2> 0a =-) eee 


Triplanar Photomicrograph of A1-8% Mg-0.4% 
Cu-0O.5% Mn Alloy in the As-Rolled Condition 
Showing the Homogenizing Effect of the Copper 
and Manganese Additions; Slight Banding in 
the Transverse and Longitudinal Planes. 
Grat-—Sargent Eteh; X2Z50 7 fey eeu eee 


Phase Diagram for the Al-Cu-Mg-Mn Alloy 
SYSETCM ee eee 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests on A1-8% Mg Alloy Conducted 
at 250 and 300°C. The Al-8% Mg Alloy is 
Slightly Stronger sat 250°C than it isemeoone 


24 


Ze 


26 


oa 


38 


32 


41 


43 


45 


46 


56 


Leverotnecso at, Celio traim versus Strain Rate 
for Tensile Tests on Al1l-10% Mg Alloy Conducted 
at 250 and 300°C Again Showing that the 10% 
Mgnfuoy is ¢sluqhuly Stronger at 250°C than 
enor OO- CE we oS. We SO ee 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests at 300°C Comparing the 
Effect of Magnesium Addition at 8% and 10% 
Levels; Showing that the 8% Mg Alloy is 
Seen oie ON Ge Cainer ens. «4 6 + « «ee « 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests at 250°C Comparing the 
Effect of Magnesium Addition at 8% and 10% 
Levels; Showing that the 8% Alloy is 

Sener s EE ONGeSh ss — wi Ue soee ss ee se Ow el 


Ductility versus Strain Rate for Tensile 
Tests at 300°C Comparing the Effect of the 
Magnesium Addition at the 8% and 10% Levels 
Showing that the 8% Mg Alloy is Slightly 

Meraenr Die mavie suac Co cote e.g ee ee euke % SG Oe es 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests on A1-10% Mg-0.2% Mn Alloy 
Conducted at 250 and 300°C. This Alloy is 

Stronger at Omen ticeticn ae OOneCmen. > 


Ductility versus Strain Rate for Tensile 
Tests on A1l-10% Mg-0.2% Mn Alloy, Tests 
Conducted at Room Temperature, 250°C, and 

OO Mem me 5 eee es kG. ke ie x S.C 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests on A1-10% Mg-0.5% Mn Alloy 
Conducted at 250 and 300°C. This Alloy is 

Stronger at 2 Omemthan ait aiceatesO0-C . . = : 


Ductility versus Strain Rate for Tensile 
Tests on Al-10% Mg-0.5% Mn Alloy, Tests 
Conducted at Room Temperature, 250°C, and 
B0C7e, Bshowing he barge Increase in 
BUctTlVeyoat SO Omri. See ee, eh Ae ae 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests Conducted at 300°C Showing 
the Comparative Effects of Increasing Mn 

Contentuomeoerengtni im the 10% Mg Alloy . . % 


Deh 


6 


ag 


60 


62 


63 


64 


65 


66 


Ductility versus Strain Rate for Tensile 

Tests Conducted at 300°C Showing the 
Comparative Effects of Increasing Mn Content 

on Ductility. There is a Pronounced Increase 
in Ductillty in the 10% Mg Alloy weer ayo 

Mn AdGLELOD . sa. ee ace. cee on 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests on A1l-8% Mg-0.4% Cu Alloy 
Conducted at 250 and 300°C Showing that the 
Alloy 12S 5Stcongereae 250°C than it is at 

300°C: -s4 ee « & Ss ee 5 ee 


True Stress at 0.1 Strain versus Strain Rate 
for Tensile Tests on A1-10% Mg-0.4% Cu Alloy 
Conducted at 250 and 300°%c Showing that the 
Alloy is Stronger at 250°C than it is at 

300°C ip iGo. OS eee ae 


True Stress at 0.1 Strain versus Strain Rate 
for Tensile Pests conduc tacmacus© one 

Comparing the Effects of Copper Addition on 
Strength in the 10% Mg Alloy, and also Showing 
that the 10% Mg Binary Alloy is Slightly 
Stronger than the 10% Mg Alloy with Copper 

AdGAL G1 ON,2 i ve fer Se Sea cane we = cee 


True Stress at O.1 Strain versus Strain Rate 
for Tensile Tests Conducted at 300°C 

Comparing the Effect of Increasing Magnesium 
Content on Strength of the Al-Mg Alloy with 

a 0.4% Cu Addition, Showing that the 8% 

Alloy is Slightly Stronger than is the 10% 
ALVOYV &. © #560 6 veer Bn ee wales os, cece ernie ne eS Gace 


Ductility versus Strain Rate for Tensile 

Tests Conducted at 300°C Comparing the 8% 

Mg and the 8% Mg-0.4% Cu Alloys. The 8% 
Mg-0.4%.Cu Alloy is Slightly more Ducur om... 


Ductility versus Strain Rate for Tensile 

Tests Conducted at 300°C Comparing the 10% 

Mg and the 10% Mg-0.4% Cu Alloys Showing the 
Pronounced Ductility Increase in the 10% 
Mg-0.4% Cu ALLOY 6 95 ie 


Ductility versus Strain Rate for Tensile 

Tests Conducted at 300°C Comparing the 8% 
Mg-0.4% Cu and the 10% Mg-0.4% Cu Alloys. 

Again Showing the Pronounced Increase in 
Ductility Observed in the 10% Mg-0.4% Cu 

ALLOY «6 0 se 0 ee Te ee tert te ere ce 


10 


67 


Ge 


78 


al. 


qv 


To 


74 


ve 


Ductility versus Strain Rate for Tensile 
Tests Conducted at 300°c Comparing the 
Effects of Cu and Mn Additions on the 10% 
Mg Alloy, and also Showing that the Cu 
Addition Results ina Slightly Enhanced 

le) ceded eae, oe ase hue ttc ss) 6 tee dw. ce 


True Stress at 0.1 Strain versus Strain 
Rate for Tensile Tests on A1-8%3 Mg-0.4% 
Cu-0.5% Mn Alloy Conducted at 250 and 300°C 
own that the Alloy is Slightly Stronger 
Biro Omeneenaingt Sa etOO Cfo eioe seuss. = 


True Stress at 0.1 Strain versus Strain 
Rate for Tensile Tests Conducted at 300°C 
Comparing the 8% Mg and the 8% Mg-0.4% 
Cu-0.5% Mn Alloys Showing that the 8% Mg 
Alloy is Slightly Stronger than is the 8% 
Moga Ome ts CU-O.2 6 sm ALLOY. oe. <% Si 2 se os 


Ductility versus Strain Rate for Tensile 
Tests on Al1-8% Mg-0.4% Cu-0.5% Mn Alloy, 
Tests Conducted at Room Temperature, 250°%c, 
amc sc 00 7G) Showing the Large Increase in 
Ductility Observed at BO OmC Sano to mile. oo. 4: 


Ductility versus Strain Rate for Tensile 
Pesges Conducted at 300°C Comparing the 8% 
Mg and the 8% Mg-0.4% Cu-0.5% Mn Alloys 
Showing the Pronounced Ductility Increase 
Pie eliesos Ma=0.4%-Cu-0.5% Mn Alloy “.....°™. 


lei 


78 


ie, 


80 


oF 


83 


ACKNOWLEDGEMENT 


I would like to thank my advisor, Professor T. R. 
McNelley, for his expert assistance and guidance in 
conducting this study. Also, Doctor E. W. Lee and Mr. Zaaaee 
Kellogg whose laboratory experience, and Materials knowledge 
were vital to me. Finally, I would like to express my 


appreciation to my parents for their support throughout this 


research. 


eZ 


Is INTRODUCTION 


The purpose of this thesis was to investigate the effect 
of alloying additions on the elevated temperature deforma- 
tion characteristics of thermomechanically processed high- 
magnesium aluminum magnesium alloys. Previous work by 
Ness [Ref. 1], Bingay [Ref. 2], Glover [Ref. 3], Grandon 
[Ref. 4], Speed [Ref. 5], Chesterman [Ref. 6], Johnson 
(Ref. 7], and Shirah [Ref. 8], have shown that thermo- 
mechanically processed high-magnesium Al-Mg alloys exhibit 
good ductility with high strength at ambient temperatures. 
McNelley and Garg [Ref. 9] have established through trans- 
mission electron microscopy that the microstructures of 
these alloys consists of fine, cellular dislocation struc- 
tures or subgrain structures. They also reported that 
annealing the samples after warm rolling resulted in 
recovery along with possible small amounts of recrystalli- 
Zation to fine grains of submicron size. These results 
prompted further research into the elevated temperature 
behavior of these aluminum magnesium alloys with emphasis on 
their possible superplastic behavior. 

Becker [Ref. 10], then investigated superplasticity in 
the Al-8% Mg-0.4% Cu, and the A1l-10% Mg-0.5% Mn alloys. 


These alloys were thermomechanically processed by warm 


L3 


rolling. These alloys were tested in the as-rolled 


condition, and also subsequent to annealing treatments for 


various times at 300°C, and finally in the recrystallized 
condition after heating for one half hour at 440°C as well 
Elevated temperature testing was conducted at 250°C, and 
300" ce 

Mills [Ref. 11], (based upon the results obtained by 
Becker) conducted an in-depth study of the Al-10%3 Mg-0.5% Mn 
system. Stengel [Ref. 12], is currently investigating 
annealing effects in the same alloy. 

The processing technique developed by Johnson [Ref. 7], 
and the elevated temperature tensile testing procedure 
developed by Becker [Ref. 10], and, as modified by Mills 
[Ref. ll], were used to study the effect of alloying 
additions in the following: A1-8% Mg, Al-10% Mg, A1~8% 
Mg-0.4% Cu-0.5% Mn, Al1-10% Mg-0.4% Cu, and A1-10%-0.2% Mn 
alloys. Results from Becker's work on the 8% Mg-0.4% Cu, 
and from Becker and Mills' work on the A1l1-10% Mg-0.5% Mn 
alloys were also used. 

An electromechanical Instron machine with a Marshall 
three zone clamshell furnace to maintain temperature control 
were used for tensile testing. Optical microscopy was used 
to examine the microstructure of samples in the as-rolled 
condition. This thesis presents the data obtained from the 


microstructural examination conducted using optical 
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microscopy as well as the results from the mechanical 
testing of the as-rolled magnesium aluminum alloys to assist 
in the evaluation of the test results. Review of this work 


and new questions are posed for subsequent investigation. 


if 


Jie BACKGROUND 


Ag ALUMINUM-MAGNESIUM ALLOYS 

The advantages offered by aluminum alloys include their 
low density, ductility, and toughness. Higher strength 
aluminum alloys get their strength mainly from precipitation 
and solid solution strengthening. In these processes, the 
formation of a second phase retards dislocation motion. 

The aluminum magnesium alloy system has been studied 
extensively in this laboratory and was selected in part for 
this work because of its good strength to weight ratio, 
Superior ductility, lower density, and better corrosion 
resistance than other higher strength aluminum alloys. This 
alloy system also offers good high cycle fatigue behavior. 
Its strength can be improved through cold or warm working, 


and it can be easily processed. 


Dee PREVIOUS WORK 

Ness [Ref. 1], studied an 18% aluminum-magnesium alloy 
concentrating on development of material processing 
techniques to achieve microstructural refinement and better 
mechanical properties. He achieved a compression strength 
Of -055 MPa (99 KSI) wath) thismalioy. 

A serious problem encountered with high magnesium- 


aluminum alloys is the elimination of cracking during the 


EG 


rolling portion of the thermomechanical processing sequence. 
Bingay [Ref. 2] performed both isothermal and non-isothermal 
forging prior to rolling in 15-19% magnesium containing 
alloys. Due to processing difficulties, subsequent work was 
shifted to emphasis on relatively lower magnesium alloys. 
Glover [Ref. 3], studied alloys containing 7-9% magnesium, 
and was the first to observe the characteristics of super- 
plastic behavior in this alloy system. 

Grandon [Ref. 4], introduced a twenty-four hour solution 
treatment followed by an oil quench, and warm rolling at 
300°C in his study of the Al-7 to 10% Mg alloys. He found 
that these alloys maintained good ductility, and a doubling 
of strength when compared with the 5XXX series alloy. 
Another finding was that recrystallization did not occur 
during warm rolling below the solvus. Speed [Ref. 5], 
extended Grandon's work to alloys bearing higher magnesium 
contents. 

Chesterman [Ref. 6], studied the nature of precipitation 
and recrystallization in alloys with magnesium contents in 
the 8 - 14% range through optical microscopy. He found that 
recrystallization occurred only at temperatures above the 
solvus, and was not induced even after extensive cold 
working followed by annealing, provided that the annealing 
temperature was below the solvus. Further, he found that 


recrystallization was replaced by precipitation as the 


is] 


method of storing energy release at annealing temperatures 
Otme. © Fi. 

Johnson [Ref. 7], standardized the thermomechanical! 
processing of the 8 —- 10% aluminum magnesium alloys. In 
these alloys, he reported good ductility and material 
strength twice that of 5XXX alloys. His procedure was to 
solution treat the material at 440°C for nine hours, anneal 
for one hour at 440°C, quench, and then warm roll. Johnson 
used warm rolling temperatures in the range from 200°c to 
340°C. He concluded that the beta phase (Al Mg) GOn elas 
buted by dispersion strengthening to the high strength and 
good ductility found in these alloys. 

Shirah [Ref. 8], improved the microstructural homo- 
geneity by increasing the solution treatment time to 24 
hours. This extended treatment minimized precipitate 
banding while not effecting grain growth. 

Becker [Ref. 10], combined previous work, and developed 
the procedures for isothermal tensile testing at elevated 
temperatures. His testing centered around temperatures of 
250°C, and 300°C. His work concentrated on the Al1-8% 
Mg-0O.4% Cu and Al-10% Mg-0.5% Mn alloys. Becker observed 
superplastic elongations up to 400%, and concluded that the 
higher magnesium content in the 10% Mg-0.5% Mn alloy 
stabilized grain size and extended the range of superplastic 


behavior to higher temperatures. 
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Mills [Ref. 11], extended the previous work by Becker on 
the Al-10% Mg-0.5% Mn alloy with a comprehensive study of 


Superplasticity in this system. He also extended testing 


into the temperature range ePomemto 425 © GOuoludy grain 
Boundary Sliding effects and recrystallization in this 
alloy. Mills found that the high ductilities observed at 
temperatures above the solvus are the result of grain 
boundary sliding. Stengel [Ref. 12], is currently studying 
the effects of annealing on sSuperplasticity in this alloy 


system. 


Oe SUeRRPLASTIC BEHAVIOR 

Superplasticity is defined as the ability of a material | 
momaerOorm to an exceptionally high elongation. Super- 
plasticity is often taken to mean elongation in excess of 
200% [Ref. 13]. Values greater than 1000% are common. The 
major requirements for superplasticity are generally agreed 
to be: a fine equiaxed grain structure with high angle 
grain boundaries, deformable second phase (if present), 
temperatures in the range of 0.5 - 0.7 Tm, low strain rates, 
and a high strain rate sensitivity coefficient (m). 

A fine grain size of less than ten microns is normally 
required to achieve superplasticity. Also, a fine disper- 
sion of intermetallic phases(s) is usually required to 
retard grain growth under warm temperature conditions. The 


phase(s) should be deformable and similar in strength to the 


rg 


matrix to minimize the formation of cavities [Ret. 123] ene 
fine grains should consist of small equiaxed grains with 
smooth, rounded grain boundaries to promote grain boundary 
Sliding. Grain growth suppresses superplasticity as larger 
grains impose greater diffusion distances and reduce the 
Strain resulting from boundary sliding. 

In order to prevent grain growth in superplastic 
Forming, some form of grain boundary pinning is necessary. 
A fine and deformable precipitate will enhance the 
material's resistance to grain growth. Given that a 
dispersion of particles is present during elevated 
temperature flow, where recrystallization and grain growth 
occur, these ee ones may inhibit grain growth tollowmong 


the Zener-McLean relationship [Ref. 14]: 
dp=— 47 ot (eqn. Sze) 


where d is the grain size, r is the particle radius, and £ 
is the volume fraction. This equation is based on the idea 
that particles sitting on grain boundaries prevent flexing 
of the boundary as it attempts to sweep through a field of 
such particles. Clearly, for a given volume fraction £7 7a 
smaller particle size should lead to a finer grain size. 
Deformation at elevated temperatures is a thermally 


activated process, and superplasticity is observed only at 


20 


elevated temperatures. For a thermally activated process, 
the Elow stress is a function of strain, strain rate, and 
temperature. Stress is often assumed to depend upon strain 
rate at constant strain and temperature according to the 


mevlation: 


9 = ke™ CSGM es 52 a2) 


where o is the stress, e is the strain rate, k is a 
temperature dependent constant, and m is the strain rate 
sensitivity coefficient. In general, m increases with 
increasing temperature. In most metals, superplastic 
behavior usually occurs at high m values of 0.3 to 0.5, and 
is the greatest at the maximum value for m. The value for m 
can be found by plotting log stress vs. log strain rate for 
data obtained at constant strain and temperature. A large 
value for m confers resistance to localized necking by 
cauSing increased resistance to further deformation when 
Mecking begins to occur. 

The activation energy (Q), is a measure of the energy 
required for temperature-dependent processes. Fora 


thermally activated deformation process: 


e = £(0)exp(-Q/RT) Kaige 223) 


where R is the gas constant, and T the absolute temperature. 
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Values for the activation energy may be obtained from 
the log strain rate versus inverse temperature plot for data 
at constant stress. Activation energy may be constant for a 
range of stress, but may change to a different value fora 
different range of stress. Values for the deformation 
activation energy are frequently the same as those for 
lattice diffusion, suggesting lattice diffusion controlman 
deformation, and this is noted in particular for dislocation 
climb controlled plastic flow [Ref. 15]. Lower values@aan 
the activation energy may be observed when grain boundary 
sliding controls the deformation process. Diffusion in the 
grain boundaries, the rate controlling process, may occur 
more readily than diffusion in the grain interior, and hence 
may be characterized by the lower activation energy. 
Measurement of the activation energy may provide information 


concerning the mode of deformation at work in a material. 


Be ALLOYING ADDITIONS 

The magnesium addition to aluminum alloys results in 
lower density, and increased strength. Most of the strength 
in these alloys is due to magnesium in solid solution, 
although precipitation d6es eccun. | Strenmdg eh canoe 
increased by cold or warm working. Aluminum-magnesium 
alloys with minor other alloying elements added, are capable 
of obtaining good strength, corrosion resistance, and 


toughness. The phaSe diagram for this system is illustrated 


Ze 


in Figure 2.1. All phase diagrams are after Mondolfo 

aot ls i erom this dlagram, if can be seen that the 
solubility of magnesium in aluminum varies from 0.8 weight 
percent at 100°C to a maximum of approximately 15 weight 
percent at the eutectic temperature of 451°C. The 
difference in solubility as a function of temperature 
provides a driving force for second phase(s) particle 
formation when the temperature is reduced to a value below 
the solvus for the amount of magnesium present in the alloy. 
The beta phase (AlgMg~) is the intermetallic that exists 
above five weight percent magnesium. A major problem with 
this alloying addition is that the beta phase has a tendency 
to form at grain boundaries. The strength of the alloy 
increases and the ductility decreases as the magnesium 
content iS increased from five to fourteen weight percent. 
Alloys with magnesium contents in excess of fourteen weight 
percent have been found to be too brittle to determine 
tensile properties [Ref. 16]. 

Copper is added to the aluminum- alloys to increase the 
Strength of the alloy at low temperatures by heat treatment, 
and at high temperatures through the formation of compounds 
with other metals. As the copper content of an alloy 
increases, there is a continuous increase of hardness, but 
strength and ductility depend on whether the copper is in 


solid solution, as spheroidized and evenly distributed 
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Figure 2.1. Phase Diagram for Al-Mg Alloy System 
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particles or aS a continuous network at the grain bound- 
aries. Dissolved copper produces the highest increase in 
Strength while still retaining substantial ductility. 
Copper iS a grain refiner in aluminum alloys. At the 
temperatures and compositions considered here, the 
composition of the intermetallic phase present would be 
CuMgy,Al,. A phase diagram for the Al-Mg-Cu system is 
present in Figure 2.2. The solid solubility of copper in 
aluminum is decreased by magnesium addition especially in 
the 7-15% magnesium range [Ref. 16]. In the Al-Mg-Cu alloy 
system the hardness, ultimate tensile strength, yield 
strength, and percentage elongation are strongly dependent 
on heat treatment. Superplasticity has been previously 
investigated in the Al-Cu system by Holt [Ref. 17], and in 
the Al-Mg-Cu system by Becker [Ref. 10]. 

A phase diagram for the Al-Mg-Mn system can be found in 
Figure 2.3. At the alloying levels considered in this 
research, the apparent intermetallic phase present would be 
MnAl.. This result was confirmed by selected area 
diffraction work conducted by Garg on these alloys [Ref. 9]. 
Finely dispersed particles of MnAl, EActliitake Eormation of 
subgrains and hinder grain growth in aluminum alloys. 
Bemaganese in solution has little or no effect on grain size; 
recrystallization, and precipitation overlap, and interact 


strongly with the magnesium addition. At temperatures below 
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B50-K; precipitation precedes recrystallization [Ref. 16]. 
The solid solubility of manganese in aluminum is decreased 
by the addition of magnesium. At higher levels of magnesium 
addition, the solubility becomes much smaller. The maximum 
solubility of magnesium is also reduced by the addition of 
manganese. Less than 0.08% magnesium can dissolve in MnAl-, 
and little or no manganese can dissolve in the beta phase. 


Manganese and magnesium have an additive effect on the 


mechanical properties of this alloy system. 
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Til. “BAPERIMENTAL PROGHEURE 


A. MATERIAL PROCESSING 

The compositions of the aluminum alloys investigated in 
this research are listed im Table 1) Rete eae eo: 
Technical Center produced the direct chill cast ingots using 


99.99% pure aluminum and alloying was done with commercially 


pure magnesium, 5% beryllium-aluminum master alloy, mangan- 


ese containing master alloy, Ti-B master alloy, and other 


commercially pure alloying additions, (i.e., Cu). Upon 


receipt, the ingots measured 127 mm (5 in) in diameter, and 
LOG samen 4 Osi) heerlen Gane 
TABLE I 
Alloy Composition (Weight Percent) 

22 eel ee > eee Ee Cu una) Mg a BS 
501301A Ceo G20 0.41 one o TORO O2 01 0.0002 
503034 oo Oa. 0.40 Ceo 8.14 0. 0n O.00GZ 
501304A Ose O03 O.40 0252 Su22 OO OC OG 
572821A-2 G2 O2.0Z C-00 C200 Sikes OO OVOCee 
572824A-1 C2OL O- 02 O00 QO.00 Oro C2Or 0.0003 
572825A-1 O2ol O76 2 O20e O22 Lo. 0 C0 1 0.0004 
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The ingots were sectioned to produce billets of dimen- 
Eeerice Joni to. 75S in) exes2 mm oCl.25 in) x 32 mm-(1.25 in). 
These dimensions were selected to facilitate subsequent 
processing of the billets. The procedure for the 
thermomechanical processing of the billets is similar to 
that developed by Johnson [Ref. 7], and refined by Becker 
(Ref. 10]. In this procedure, billets were solution treated 
at 440°C for 24 hours, and WISE icignee (ete) ie 440°C on heated 
platens to a final height of approximately 28 mm (1.1 in), 
Besulting in a reduction of 73% or a true strain of 
approximately 1.3. This value is essentially the maximum 
value that could be processed on the available rolling mill. 
Subsequent to upset forging the billet was annealed at AAQE 


for one hour, and then oil quenched. 


be WARM ROLLING 

The technique for warm rolling the billets into sheets 
was essentially the same as the one described by Mills 
[Ref. 11], who modified that used by Becker [Ref. 10], and 
Memnson [Ref. 7]. The billet was initially heated to BOO se 
migtor tO first rolling pass. This required a time of 
approximately ten minutes after the surface temperature of 
the sample reached 300°c. Isothermal heating of the sample 
is essential to prevent cracking of the forged billets 
Sueing the rolling process. To achieve this, each billet 


was olaced On a large steel plate that served as a heat 
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source in the furnace between rolling passes. Sample 
heating times varied from eight minutes between passes 
initially, to four minutes between pasees on the last seven 
to eight passes. The sample remained in the furnace just 
long enough between passes to insure a uniform consistent 
temperature in the sample. The billets were rolled with the 
rollers lowered in increments of 1.02 mm (0.04 in) 
initially, and 0.762 mm (0.03 in) on the last seven to eight 
passes. The warm rolling process generally required from 
twenty-eight to thirty passes per billet to achieve the 
required final thickness. The temperature of the sample and 
the plate was monitored using thermocouples. In later 
rolling phases, the deformed sheet was pulled through the 
rolling mill with the aid of manual pressure in order to 
Minimize warping. In the final “as-rolled" condition, each 
billet was rolled into a sheet about 1.8 mm (0.07 in) thick, 
102 mm (4 in) wide, and 762 mm (40 in) long. The final 
Sample reduction was approximately 94%, corresponding to a 
Ere TSi ra 1nvOr abou tea.o. 

The rolled sheets were cut into blanks of dimensions 63 
mm (2.47 in) long, and 13 mm (0.5 in) wide using the 
procedure described in Becker [{Ref. 10]. Each billet 
yielded between thirty and forty blanks. Tensile test 
Specimens were produced by endmilling blanks in lots of five 


to a final gage width of approximately 3 mm (0.12 in), anda 
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gage length of 15 mm (0.6 in). Test specimens were 
Fabricated by using a pattern jig as a milling guide. A 


sketch of the test specimen is shown in Figure 3.1. 


o PENSTLE SPECIMEN TESTING 

Tensile testing of samples was conducted using an 
electromechanical Instron machine. Test specimens were 
placed in wedge-action grips held in place by pins passing 
through wedges. The grip and specimen assembly were mounted 
into pull rods connected to the Instron machine. The grips 
(model #713C) were fabricated of Inconel 718 specifically 
for use at elevated temperatures. The grips, grip assem- 
blies and pull rods were produced by ATS, Inc., of Butler, 
Pennsylvania. 

Elevated temperature testing was conducted uSing a 
Marshall Model #2232 three-zone clamshell furnace. Furnace 
temperature was controlled by three separate controllers, 
one for each zone. Ceramic thermocouple sheaths were 
utilized to pass the thermocouples for the furnace con- 
trollers into the furnace. The controller thermocouple for 
the upper and lower zones of the furnace were located six 
inches above and below the thermocouple entrance port 
respectively, and approximately one inch in from the furnace 
heating elements. The central controller was located one 
inch directly inside the furnace thermocouple entry port. 


ema esct insulation of one inehn thickness was used for 


Sis 





Figure 3.1. Test Specimen Geometry 


32 


insulation. Flue effect in the furnace was reduced by using 
eves NOllowvcircular tubes of ansulation material and ceramic 
tiles placed around the pull rods at the top and bottom of 
the furnace to prevent heat loss. Thin strips of asbestos 
impregnated paper and glass fiber insulation were placed on 
the closing surfaces of the furnace. This insulation was 
Bound CO be important in obtaining and maintaining a uniform 
temperature distribution in the test zone. Thermal 
insulation pads were placed over the top and under the 
bottom of the furnace. 

Five thermocouples were installed inside the furnace to 
monitor temperature. A thermocouple was placed on the top 
pull rod, four inches above the bottom of the rod and 
towards the back side of the furnace. Another thermocouple 
was placed in contact with the specimen and just inside the 
upper wedge. Two additional thermocouples were placed at 
corresponding positions on the lower pull rod. Finally a 
thermocouple was also placed near, but not touching, the 
middle of the tensile test specimen at the start of the 
test. Set temperatures were adjusted to remain within 1% of 
the desired temperature throughout the duration of the test. 

Instron crosshead speeds for the tension testing ranged 
faomeo 7 OOS mm/min to 127.0 mm/min (0.0002 in/min to 5.0 
miymin) at temperatures of 20°C, 250°C, and 300°C. The 


Magnification ratio used for the automatic chart recorder 
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was 100 for 0.05 mm/min crosshead speech, 40 for the 0.127 
mm/min speed, and ten for the remaining test speeds. The 
clamshell furnace was heated to constant temperature for a 
twenty-four hour period prior to commencing a series of 
eS Se. 

Testing was conducted immediately upon attaining a 
Stable, isothermal test temperature after installation of a 
test specimen. At very low strain rates, the bottom pull 
rod temperature would slowly start to drop as the bottom 
pull rod moved out of the furnace. The furnace temperature 
was monitored and adjusted to maintain the required test 
temperature. Either a 1000 1b capacity, or a 2000 lb 
capacity Instron load cell was used. The 1000 1b load cell 
was necessary for adequate resolution at the higher 


temperatures and lower strain rates. 


De DATAs RE DUCT LON 

Ductility was determined by measuring both the length of 
the undeformed and of the fractured specimen. Raw data from 
the strip charts was used in the stress-strain calculations. 
Engineering and true stress and strain were computed from 
the strip chart data. The raw data from the tensile testing 
was reduced for analysis with the aid of a PL/C data reduc- 
tion computer program run on an IBM 3033 Computer. The data 
reduction program was Similar to that developed by Stengel 


[Ref. 12]. The data reduction program tockwinromaiccoums 
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SHeche Variables as grip tightening, Instron machine error, 
and elastic strain and performed a "floating slope" 
calculation at each selected data point. The reduced data 
was loaded into computer data files for further computation, 


and graph plotting using the EASYPLOT routine. 


Bie METALLOGRAPHY 

Samples of “as-rolled" material were mounted in standard 
@lastic moulds with cold motuunting compound. All optical 
microscopy specimens were polished first using 240 to 600 
grit paper followed by final polishing using aluminum oxide 
abrasive. Graf-Sargent solution (prepared using: 15.5 ml 
Sent teric acid, 0.5 ml of HF, 3.0 gms CrO3, and 84 ml of 
water) was used to etch each specimen. Etching time was 
Sixty seconds. A Zeiss Universal microscope was used for 
both examination and photographic work. Examination of 
samples was done using polarized light and strain-free 
objective lenses. Photographs were taken at magnifications 
Simlox, O2X, and 125X resulting in final print magnifica- 
moms Of 64X, 250X, and 500X. Panatomic X 35 mm film was 


used for all photographic work. 
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IV. RESULTS AND DISCUSSION 


A. OPTICAL MEGROSCOGPY 
l. General Results 

Optical microscopy as a part of this work was 
performed on the following alloys: A1-8% Mg, A1-10% Mg, 
A1-10% Mg-0.4% Cu, A1-8% Mg-0.4% Cu-0.5% Mn, and Al-10% 
Mg-0.2% Mn. Results from Becker on the A1-8% Mg-0.4% Cu, 
and by Becker and Mills on the A1-10% Mg-0.5% Mn are also in 
this discussion [Ref. 10] and [Ref. 11]. Micrographs that 
follow are for materials in the “as-rolled"”" condition, and 
they show in general an elongated and banded grain 
structure. The microstructure is often obscured by 
precipitated intermetallic compounds. 

McNelley and Garg [Ref. 9], have conducted 
Transmission Electron Microscope (TEM) work on many of the 
alloy compositions under consideration here. They also 
found the banded microstructures observed optically in these 
alloys. These microstructures were further revealed to 
consist of a cellular dislocation substructure produced by 
warm rolling. The precipitated intermetallic phases are not 
always obvious in the "“as-rolled" TEM micrographs, but some 
TEM data on as-rolled material as well as on rolled and 


annealed materials suggest cell sizes of approximately 1.0 
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Microns, and intermetallic beta phase particles of 0.2 to 
O.5 microns size. 

Comparison of the optical and TEM micrographs 
suggest that the optical microscope is unable to resolve the 
details of the structure. The intermetallic phase particles 
are actually present on a much finer scale than suggested by 
the optical micrographs. This appears to be the result of 
the manner in which the etchant works and the presence of 
the intermetallic phase. Further, optical micrographs are 
unable to reveal the grain structure. The optical 
microscopy does, on the other hand, provide insight into the 
extent of banding in these alloys, and also provides a basis 
for comparison of the effects of alloying on the degree of 
homogeneity observed in them. 

Ze Binary Alloys 

Examination of micrographs of the two binary 
compositions investigated (8% and 10% Mg), Figures 4.1 and 
4.2, two factors become apparent. First, the micro- 
structures are heavily banded and elongated in appearance; 
and secondly, both the banding and amount of precipitated 
intermetallic phase is greater in the 10% magnesium alloy. 
The intermetallic beta phase (Al oMgs ) is the phase dispersed 
in both alloys. In the rolling plane the beta is found both 
aS a continuous phase along grain boundaries, and dispersed 


nonuniformly within the grains. The greater amount of 
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Figure 4.1. Triplanar Photomicrograph of Al-8% Mg Binary 
Alloy in the As-Rolled Condition, Showing 
Banding in Transverse and Longitudinal Planes, 
* and Inhomogeneous Microstructure in the Rolling 


Plane. Graf-Sargent Etch, x250 
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Eeire 4.2. Triplanar Photomicrograph of Al-10% Mg Binary 


Alloy in the As-Rolled Condition, Again Showing 
Banding and Inhomogeneous Microstructure. 
Graf—-Sargent Etch, x250 
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dispersion of beta in the higher percent magnesium alloy is 
expected due to the larger amount of magnesium present. A 
phase diagram for the Al-Mg alloy system is shown in Figure 
2.1, and lever rule calculations suggests about ten volume 
percent beta phase for an A1-10% Mg alloy rolled at 300.ee 
In fact, McNelley and Garg [Ref. 9], found this to be the 
case. In the 8% Mg alloy, the lever rule suggests only 
about three volume percent beta would be present if 
precipitation to the equilibrium magnesium content of the 
solid solution woce ume 
3. Manganese Alloying Additions 

Substantial work on the A1l-10% Mg-0O.5% Mn alloy has 
been done by Becker [Ref. 10], and Mills [Ref. 11], and this 
data appears in the appendices. In this work a lower 
manganese content of 0.2% was investigated. Manganese 
additions have a very pronounced homogenization effect on 
Al-Mg alloys. A triplanar micrograph representation of this 
alloy may be found in Figure 4.3. Manganese is a very 
effective grain refiner in aluminum alloys [Ref. 16]. 
Selected area diffraction experiments discussed in an 
unpublished work by Garg indicates that the manganese 
bearing precipitate is MnAl,. In the rolling plane of the 
0.2% Mn alloy there is an elongated structure with 
precipitate free zones in regions that are made up of a 


dispersion of intermetallic precipitates. The phase diagram 
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igure 4.3. 


ipipolanar Photomzcrograon of Al—1LOS Mg-0.2% Mn 
Alloy in the As-Rolled Condition Showing the 
Homogenizing Effect of the Manganese Addition; 
However, the Rolling Plane Microstructure is 
Still Slightly Inhomogeneous at this Mn 
Content. Graf-Sargent Etch, x250 


4) 


for this alloy system may be found 1n@hadetire 2253 ee 
also evident in these micrographs that manganese homogenizes 
the structure. Banding is evident in the 0.2% manganese 
alloy, and especially notable in the non-uniform beta 
dispersion when viewed in the rolling plane. At 0.5% 
manganese, both features are much less notable although 
slight banding may still be seen. The mechanism for this 
enhanced homogeneity 1S not clear. For large manganese 
additions, as noted above, there appears a relatively fine 
third phase, MnAl;. This phase may refine the matrix grain 
structure and may also present preferred sites for beta 
phase formation in the alloy. However, based on the phase 
diagram, 0.2% manganese should remain in solution. 
4. Copper Alloying Additions 

From the optical micrographs (Figure 4.4), the 
addition of copper also has a substantial homogenizing 
effect on the alloy microstructure. Here, again, the amount 
of magnesium present would appear as well to have a 
pronounced effect on the appearance of the microstructure. 
In the A1-8% Mg-0.4% Cu alloy, banding is still quite 
evident, while in the 10% alloy the banding is not as 
noticible. In the 10% Mg alloy there is a fine dispersion 
of precipitated beta phase, with what appears to be a 
coarser dispersion of a different intermetallic phase 


Superimposed. According to Mondolfo [Ref. 16], "this Goarsge 
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Triplanar Photomicrograph of Al-10% Mg-0.4% Cu 


magurce 4,4, 


the As-Rolled Condition Showing the 
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BEfect of the Copper Addition. 
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Graf-Sargent Etch, 


Homogen 


precipitate should be CuMg,Al¢- The Phase dlagram £Or Vege 
Al-Cu-Mg system is illustrated in Figure 2.279) The CuMg,Al, 
intermetallic phase might have been carried over from the 
"as-cast" condition, or might have been precipitated during 
processing, due to the decreased solubility of both copper 
and magnesium in aluminum with the ternary addition of 
copper. In summary, the addition of copper has a 
substantial homogenization effect over microstructure when 
compared with the binary alloys and also appears to 
introduce a third phase, CuMg,Al,.. 

>. Copper and Manganese Addition 

The addition of both copper and manganese to the 8% 

magnesium system had the expected results based on the 
foregoing observations (see Figure 4.5). We see less 
banding present than in the Al-8% Mg-0.4% Cu alloy, but more 
than was found in the A1l-10% Mg-0O.4% Cu alloy. Manganese is 
a strong grain refiner in aluminum alloys. The inter- 
metallic phases in this structure are finer, and more widely 
dispersed than in the A1~8% Mg-0.4% Cu case. Like the 
A1-10% Mg-0.4% Cu alloy, there is the "coarser" second 
precipitate present. In the 8% alloy with copper and 
manganese the precipitate is larger than the precipitate 
found in the A1l-10% Mg-0.4% Cu alloy. <A phase diagram for 


this system can be found in Figure 4.6. Mondolfo [Ref. 16], 


indicates that the solubility of copper in the Al-Mg-Cu-Mn 
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Begure 





Ay 


Triplanar Photomicrograph of A1-8% Mg-0.4% 
Cu-0.5% Mn Alloy in the As-Rolled Condition 
Showing the Homogenizing Effect of the Copper 
and Manganese Additions; Slight Banding in the 
Transverse and Longitudinal Planes. 
Graf-Sargent, x250. 
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igure 4.6. Phase Diagram for the Al-Cu-Mg-Mn Alloy System. 


system decreases as the manganese content increases. The 
same effect is true for manganese when increasing the copper 
content. The high content of magnesium, copper, and 
manganese in this system would lead to reduced solubilities 
for all three in the alloy. This would result in the 
precipitation of more intermetallic phase particles. 
According to the phase diagram, this system could contain as 
many as four equilibrium phases. Possible candidates for 
the coarser intermetallic phase are CuMg ,Al and MnAl, with 


6 6 
the more likely candidate being the Culg ,Al¢- 


Bie MECHANICAL TEST RESULTS 
l. General Remarks 

Stress-Strain data was obtained as outlined in the 
experimental section. Stress-Strain data for 8% Mg with 
0.4% Cu and 10% Mg, 0.5% Mn aluminum alloys was obtained 
mmom Becker {Ref. lO], and Mills {Ref. 11]. Tables 
containing the results of the mechanical testing are listed 
in Tables II through VIII. Plots of this data appear in the 
discussion, and in the appendices. Appendix A contains the 
plots for the 8% Mg alloy, Appendix B, the 10% Mg alloy, and 
so forth through Appendix F. The plots available in each 
appendix are: engineering stress-engineering strain at 
BOG, 250°C, and 300°C: true stress—-true strain at the same 
temperatures; log true stress-log true strain at 25012 and 


300°C; and duetidiiey. logms train “ate. 
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TABLE II 


Mechanical Properties of A1-8% Mg Alloy 
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Mechanical Properties of A1-10% Mg Alloy 
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* Data Unavailable. 
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TABLE IV 
Mechanical Properties of A1-10% Mg-0O.4% Cu Alloy 
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TABLE VI 
Mechanical Properties of A1-8% Mg-O.4% Cu-0.5% Mn Alloy 
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TABLE VII 
Mechanical Properties of A1-10% Mg-0.2% Mn Alloy 


True Stress at 0.1 
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TABLE VIII 
Mechanical Properties of A1-10% Mg-0.5% Mn Alloy 
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2. Magnesium Alloying Additions 


The effect of magnesium on mechanical properties at 
the 8 and 10% alloy addition levels is shown in Figures 4.7 
through 4.11. In the 8% magnesium alloy, the strength of 
the material decreases as the test temperature increases 
(Figure 4.7). At 300°C, the 8% magnesium alloy is near the 
solvus, and the magnesium is tending to go back into 
solution. A result of this effect would be a relatively 
small volume fraction of beta phase to retard grain growth, 
and in addition that the beta present would tend to coarsen 
With time at this temperature. From the Zener equation 
mentioned previously, the net result would be coarsening of 
the grain structure. An increase in grain size will 
Suppress grain boundary sliding, and result in dislocation 
creep processes dominating, leading to reduced ductility. 
The same effects are at work in the ten percent magnesium 
alloy (Figure 4.8), but to a lesser extent perhaps, given 
the larger Mg content. With more Mg, a larger volume 
fraction of beta would be present and lead to a finer 
grained, weaker material. The 10% alloy is in fact weaker 
than the 8% alloy at B007e (Figure 4.9), and also at 250 ec 
(Figure 4.10), although the difference in strength is not 
large at either temperature. 

Only limited superplasticity as evaluated by the 


ductility is observed in the eight and ten percent magnesium 
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1 Strain versus Strain Rate for Tensile Tests 


True Stress at 0. 


on Al-8% 


Figure 4.7. 
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Showing that the 8% Mg Alloy is Slightly Stronger. 


200m Comparing the Effect of Magnesium Addition at 8% and 10% 


True Stress at Cs Straim Veusms Sten Rate for Tensile Tests at 
Levels; 


Figure 4.9. 
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aluminum alloys. As the percentage of magnesium increases, 
there 1s more beta phase present as noted above, and 
therefore, more refinement, and an attendant ductility 
increase. However, this effect also is not large. It would 
be inferred from this that the beta phase by itself is of 
limited use in refining and stabilizing the grain structure 
of these alloys. Both of the binary alloys would appear to 
behave essentially as Al-Mg solid solution alloys with a 
coarse dispersion of particles having limited effect on the 
mechanical properties. 
3. Manganese Alloying Additions 

The effect of a 0.2% manganese addition ona 10% 
magnesium-aluminum alloy is shown in Figures 4.12 and 4.13. 
The same data for a 0.5% manganese addition is shown in 
Figures 4.14 and 4.15. Comparative data for these two 
alloys is shown in Figures 4.16 and 4.17. From the data in 
Figures 4.12 and 4.14, it is seen that the Al-10% Mg, 0.5% 
Mn alloy is weaker at 300°C than it is at 250°C, and that it 
is also weaker at all temperatures than the 10% binary 
alloy. The ductility data indicates (Figures 4.13 and 4.15) 
that these alloys are more ductile at the 300% test 
temperature. The 10% Mg alloy with 0.2% manganese is more 
ductile at room temperature than is the 0.5% manganese 
alloy. From the data presented in Figure 4.16, there 1s a 


progressive weakening of this material as the percent 
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Tensile Tests on 
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Figure 4.14. 
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True Stress at 0.1 Strain versus Strain Rate for Tensile Tests 


Figure 4.16. 
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manganese is increased. This effect is more pronounced at 
the lower strain rates than it is at the higher values for 
strain rate. 

The 0.2% manganese containing alloy appears to be an 
intermediate stage in the microstructural refinement 
process. At the 0.2% Mn level, the manganese is still in 
solid solution, and may therefore have little or no effect 
on the beta phase, while at the 0.5% Mn addition level we 
are seeing a decreased solubility of both magnesium and 
manganese due to the manganese addition. Manganese that 
precipitates out of solid solution as a third phase may 
refine the material's grain structure during hot working, 
consequently providing more nucleation sites for the beta 
phase during warm rolling. This would lead to a finer, more 
stable beta phase. Figure 4.17 shows the large jump in 
ductility values observed in the A1-10% Mg-0.5% Mn alloy 
over those obtained in the A1-10% Mg-0.2% Mn, and A1-10% Mg 
binary alloys. 

4. Copper Alloying Additions 

The effects of copper alloying additions on the 
mechanical properties of eight and ten percent magnesium 
alloys are shown in Figures 4.18 through 4.24. As shown in 
Figures 4.18 and 4.19, both alloys exhibit normal tempera- 
ture dependence of the flow stress. As shown in Figure 


4.20, the A1-8% Mg-0.4% Cu alloy is slightly weaker than the 
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Figure 4.21. 
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LOS Mg binary alloveae 300°C. The eight Bercent ato ym 
stronger than the 10% alloy (Figure 4.21). An éxconeuee 
discussion of the superplasticity observed in the A1-8% 
Mg-0.4% Cu alloy is available in Becker [Ref. 10]. 

The A1-8% Mg-0.4% Cu alloy is more ductile than is 
the eight percent binary alloy at low strain rates aumoceuer 
but not substantially so (Figure 4.22). The effect on 
ductility of the copper addition in the 10% Mg alloy is more 
dramatic (Figure 4.23). This effect is most pronounced at 
low strain rates. In Figure 4.24, the effects of a 0.4% 
copper addition at both the eight and ten percent magnesium 
levels are shown. The effect of the copper addition is much 
greater at the 10% magnesium level. From this we can infer 
that not only is the alloying addition, in this case copper, 
important, but rather the alloying addition along with a 
high magnesium level, i.e., 10% Mg. 

In summary, the copper addition has a small effect 
on the 8% alloy, but a large one on the 10% alloy. At 
250°C, the 8% alloy with copper is noticeably weaker. Jit 
appears that the effect of the copper addition 1s to 
homogenize, refine and stabilize the beta phase. At 300me 
the principal effect on the 8% Mg alloy is coarsening and 
re-solution of the beta, while in the 10% Mg alloy the 
structure 1s more stable given the relatively larger beta 


content. It would appear that the higher the magnesium 
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content, the greater the amount of copper that precipitates 
ee Gf SOlid solution. 

The copper addition appears to be just as effective 
as the manganese addition in enhancing the ductility of 
these alloys on a per weight percentage basis (Figure 4.25). 
Copper has a similar effect to manganese, in that it 
progressively weakens the material probably by micro- 
Structure refinement. Further, the copper addition offers 
slightly higher elongations under elevated temperature 
testing conditions than does the manganese. Finally, it 
also has a relatively small effect on ambient temperature 
G@uetility, pe eeeeeeG it from 10-12% elongation for a binary 
alloy at room temperature to 7-9% for the copper containing 
alloy. In contrast, the manganese bearing alloy exhiodits 
ductility of only 3% at room temperature. 

See copper and Manganese Addition 

The A1-8% Mg, 0.4% Cu, 0.5% Mn alloy is shown in 
Figure 4.26. It is weaker at all temperatures than the 
eight percent binary alloy, the effect being more pronounced 
at lower strain rates (Figure 4.27). In fact, the alloy is 
almost identical to the 10% magnesium binary alloy in 
strength. The A1-8% Mg-0.4% Cu-0.5% Mn alloy shows higher 
Bie@talities at 300°C than it does at 250°c (Figure 4.28), 
moewm like the LlO% Mg alloys and in contrast to the 8% Mg 


alloys. There is an increase in ductility over those 
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.1 Strain versus Strain Rate for Tensile Tests 


ae Comparing the 8 
Alloys Showing that the 8% Mg Alloy is Slightly Stronger t 


the 8% Mg-0.4% Cu-0.5% Mn Alloy. 


% Mg and the 8% Mg-0.4% Cu-0.5% Mn 
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observed in both the 8% and 10% binary alloys, although the 
effect is less pronounced relative to the 10% binary alloy 
(Figure 4.29). A possible effect of the combined copper and 
manganese addition is to reduce the solubility of magnesium 
in the material. Thus, this alloy behaves like a higher 
magnesium alloy. The Mn may also assist in refining the 
grain structure in conjunction with refinement of the beta 
by the Cu: 
6. Summary of Mechanica) Mes tebares 

It should be kept in mind that the strength data was 
obtained at a Strain rate of 0.1 while the ductility data 
reflects behavior of the alloy at much larger strains. As 
such, the effect of the alloying elements on strength, while 
notable, is not aS pronounced as the effect on ductility. 
It is surmised that the alloying additions refine and 
homogenize the structure during the warm rolling; the Mn, at 
least, appears most completely effective when some of it is 
out of solution as MnAlg¢- This would likely refine the 
matrix grain structure. The Cu also is present in precioae 
tated form, it may also assist in refining the beta as it is 
soluble in it. 

With regard to ductility, the binary alloys most 
likely coarsen during plastic deformation, and the addition 
of either Cu, Mn, or both, may retard such coarsening. This 


would enhance the ductility of the alloy if such coarsening 
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at strains beyond 0.1 results, otherwise causing suppression 
of superplastic mechanisms. In reviewing the test data, the 
slopes of log stress versus log strain rate curves (the m 
values) do not vary as much as does the ductility data, 
again indicating that coarsening (or Lack of Tt) Atta eee 
strains 1S an lmportant factor in determining the final 


AUC einia ey. 
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Vee CONCLUSIONS 


The following conclusions are drawn from this research: 
1) the microstructures of the thermomechanically processed 
A1l-8% Mg and A1-10% Mg binary alloys consisted of banded, 
inhomogeneous dispersions of the intermetallic beta phase; 
2) as the percentage magnesium increased in the binary 
alloys, there was a mild enhancement in their superplastic 
properties; 3) the addition of copper to the binary alloys 
homogenized and refined their microstructures; 4) the Al-10% 
Mg-0.4% Cu alloy was the most superplastic alloy observed in 
this research; 5) the addition of manganese to the binary 
alloy has the same effect on microstructure as the addition 
of copper when added on the same weight percent basis, i1.e., 
imeehomogenizes and refines the microstructure; 6) the Al-10% 
Mg-0.5% Mn alloy produces superplastic response under 
tensile test conditions at elevated temperatures; 7) the 
addition of copper does not degrade room temperature 
ductility as much as does the addition of manganese; 8) the 
addition of both 0.4% Cu and 0.5% Mn to the A1-8% Mg binary 
alloy produces the same strength characteristics found in 
alloys with higher magnesium contents. 

The following recommendations for further study are 


made: 1) a detailed study of the effect of copper addition 
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on these alloys; 2) further study into the effects of strain 
On grain coarsening, and other structural changes at 
elevated temperatures; 3) that detailed activation energy 
data on the alloys studied in this work be obtained, and 
compared with the results for the A1-10% Mg-0.5%3 Mn alloy 
obtained by Mills, to examine the effect of alloying 
addition on activation energy; 4) study of the A1-10% 
Mg-0.4% Cu-0.5% Mn alloy for comparison to the 8% alloy with 


these alloying additions. 
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Mg Alloy 


Mechanical Test Data on A1-8% 
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APPENDIX 2 


Mg Alloy 


Mechanical Test Data on Al1-103 
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